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The demands for increasing the swirl in the combustion chamber and for decreasing the exhaust 
emissions on diesel engines have increased rapidly over the past few years. Consequently, the 
researchers’ attention has been attracted significantly for innovating and testing a new design for 
the induction manifold that can match these demands. In this project, some possible alternative 
designs for the normal induction manifold are presented. The design of these new manifolds is 
inspired from the previous researches and studies about automobiles inlet manifolds.  
The test for the new manifolds involves swirl number calculations as well as a detailed 
performance and emission experimental test on the engine. The test also considers taking the 
readings for the exhaust gases (HC, CO,      and  ) and the smoke intensity using advanced 
measurement sensitive devices .Furthermore, this study aims to be more advanced by tracking 
out the pressure corresponding to each crank shaft angle by using a GW-Instek digital storage 
oscilloscope.  
As to make this work more beneficial, the performance of the engine is also diagnosed using  
alternative fuels such as GTL ( Gas to Liquid ) fuel and using biofuels ( Waste cooking oil & 
IV 
Corn oil ) in a blended form with diesel fuel . The results for any used alternative fuel or fuel 
blend in this experiment is compared with the result of diesel fuel in order to track any 
enhancement in engine performance or emission. 
It was found that the use of the 1D ( where D is the manifold inner diameter) new manifold can 
minimize the pressure variation with the crank angle position, the in-cylinder peak pressure and 
the particulate emission by a considerable amount due to the enhanced air-fuel mixing caused by 
the swirl motion generated when using this newly shaped manifold designs. 
The use of GTL fuel has significantly improved the engine performance and lower its emission 
due to its high cetane number and low Sulfur and Aromatics content. However, the use of the 
new fuel blends was found to be effective in some criteria such as lowering the PM and NO 
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CHAPTER 1.  INTRODUCTION 
The main purpose of this chapter of the report is to give an overview about the 
suggested topics, which are covered on this thesis project. It is written to justify the need 
for this work and to determine the motivation behind this research. Hence, it starts by 
giving a general background about these topics and then it presents the main objectives of 
this thesis. 
1.1     Background 
 
It is claimed that there are several parameters that controls the engine thermal efficiency 
such as brake mean effective pressure, break thermal efficiency, volumetric efficiency, 
break specific fuel consumption and air-fuel mixing rate. One unique way to enhance those 
performance parameters is by changing the design or geometry of the induction manifold. 
In addition, the design of the induction manifold can play a vital role in decreasing 
emission gases quantities. Section 1.1.1 is dedicated to give an overview about the design 
of the induction manifold and its role in the engine and what is new to be added on this 
project. 
As the oil crisis has begun in 1970, this has resulted in a high increment of crude oil prices 
in addition to a reduction of its supply. Consequently, this has forced the researchers and 
nations to start looking for other types of fuels that can replace conventional fuels called 
‘Alternative fuels’. These alternative fuels can replace conventional Diesel and Gasoline 
and they can be used in a pure form as will be discussed in section 1.1.2 or they can be 





reduce the need for conventional fuels.  Moreover, it is to be used to enhance engine 
performance and reduce emission.  
1.1.1 Induction Manifold’s Design  
 
One unique approach to enhance air-fuel mixing rate is by changing the design or geometry 
of the induction manifold. An induction manifold can be characterized as a collection or 
arrangement of pipes or tubing with several outlet sections through which the incoming air 




Figure 1. An induction manifold used with 4-cylinder engine [1] 
 
 
 The manifold might be a fabrication or a casting that is composed from a relatively light 





exhaust manifold and the intake manifold on the internal combustion engines. A few types 
of manifolds are used for handling oil, water, and different liquids such as engine exhaust 
gases which are usually called headers. Both the intake and the exhaust manifold are an 
integral component of multi-cylinder engine compartment and necessary for its operation at 
any internal combustion engine. [2] 
The intake manifold is mainly a casting or a collection of pipes in which air-fuel mixture 
flows from the engines throttle valves to its intake valve ports in the cylinder block or 
cylinder head. In a gasoline engine, both air and fuel are mixed together in a specified ratio 
to initiate the combustion process. The fuel that is injected into the cylinder is to be mixed 
with air using throttle-body fuel injection and a carburetor in the past as it appears in the 









In compression ignition (Diesel) engine, fuel is injected alone through ports. Air is 
inducted into the cylinder because of the pressure drop between the atmosphere and inside 
the cylinder. For that reason, air should be inducted into the cylinder by the minimum 
pressure drop possible. In a direct injection diesel engine, fuel is injected directly into the 
cylinder and it is sprayed into a combustion cup located in the top of the piston. Figure 3 




Figure 3. Direct injection diesel engine [5] 
 
 
In this context, the intake manifold’s role is to distribute the air in diesel engine or the air 





in the vaporization of fuel droplets. The most common intake manifold for diesel engine 




Figure 4. Standard intake manifold design for diesel engine. [6] 
 
 
The purpose of this research is to develop a new design for the induction manifold and to 
test this new design experimentally on a diesel engine. The results obtained with the new 
designs are to be compared with the standard normal manifold to study any improvement in 
the performance and the emission rates of the engine. 
1.1.2 Alternative Fuels 
 
As the fossil fuels are being consumed in everyday life in an increasing rate for different 
purposes, this has led the researchers to start thinking about new alternative energy 





be supplied in a limited quantity. Also, the big increase in population around the world and 
the new life style and living standards in both developing and developed countries all have 
caused a quick depletion of fossil fuels. Greenhouse gases (GHGs) that are produced from 
fossil fuels are one of the main causes of global warming which can cause several 
environmental problems and agricultural disorder. 
Some other reasons such as the increasing demand for oil and the fluctuations in fuel prices 
have grabbed the attentions of scientists and researchers to put their efforts on finding 
alternative fuels the can be renewable and less harmful in terms of emission levels for the 
environment. Furthermore, the discovery of alternative fuels can help the humankind to be 
more energy dependent. The use of alternative automotive fuels can be considered as a safe 
and clean energy resource which can play a vital role in enhancing the air quality and 
dependency on non-renewable conventional fuels. 
Vehicles that do not run on conventional fuels are named alternative fuels vehicles (AFVs). 
A significant progress has been made on the last few years to develop such vehicles that 
can run on alternative fuels such as Ethanol, bio-diesel, Hydrogen and Natural gas, which 
can thus produce less emission. Consequently, the researches on the production of fuels 
derived from biological renewable feed stocks have been greatly intensified over the past 
decade. The role of this project is to experimentally test some alternative fuels such as GTL 
(gas to liquid) fuel and to compare the effect of using them in comparison with 









1.1.3 Fuel Blends 
 
Fuel blends which are mixtures between two or more fuels can be considered one of smart 
alternatives for diesel fuel in compression ignition engines. By using them instead of pure 
diesel, they can decrease the energy consumption and reduce the environmental pollution 
in order to meet the demand of the current tough emission worldwide legislations. In the 
recent years, biofuels have attracted a lot of attention as they are clean and renewable fuels 
especially biodiesel, ethanol and dimethyl ethers 
When compared with diesel fuel, biofuels have a lot of advantages over pure diesel as they 
have more oxygen content and less aromatic hydrocarbon composition as well as sulfur in 
the emission [2]. For that reason, it is essential to study the effect of using diesel engine 
fueled with biofuels. These types of fuels can be used as a direct substitution for diesel fuel 
or can be mixed with it to enhance the engine performance and reduce the emissions. 
This project emphasis on the concept of fuel blends as it experimentally test some fuel 
blends samples namely; diesel-GTL fuel blend, diesel-waste cooking oil fuel blend and 
diesel-GTL-Waste cooking oil fuel blend. The results are compared with those of pure 
diesel fuel in terms of combustion characteristics and emissions. 
1.2    Research Objectives 
 
This work aims to study the effect of using different designs of induction manifolds that have 
some modifications apart from the standard normal manifold geometry such as the outlet angle 
and the inner diameter. One more objective of this research is to experimentally test the effect 





compression ignition engine. The main objectives of this work can be summarized in the 
following points: 
 
1) To develop new designs of induction manifolds for diesel engine that can enhance 
fuel-air mixing quality  
2) To prepare and characterize a selected number of alternative fuels. 
3) To diagnose the effect of using the new induction manifold designs on the 
combustion characteristics and emissions of the engine.   
4) To study the effect of using the selected blends on the engine performance and 
emissions while utilizing the new induction manifolds. 
5) To compare the performance of all used induction manifolds as well as all fuel 
blends.  
1.3    Organization of Thesis 
 
Chapter 1: Introduction  
 
This chapter introduces the research background and presents a literature survey about 
engine’s induction manifold, alternative fuels and fuel blends .It presents the main 
objectives for thesis experiments and contains the outlining of the thesis organization.  
 
Chapter 2: Literature Review  
 
This chapter further adds to the literature survey as it goes through the historical 
background for the induction manifold and for the alternative fuels. It presents the past 





standard normal manifold. Moreover, it gives some examples for previously used 
alternative fuels and fuel blends and it compares them to conventional diesel fuel in terms 
of performance and emission criteria. Above that, it mentions the most important 
performance and emission criteria that are used in this research to compare between 
various induction manifolds and fuels.  
 
Chapter 3: Experimental Setup and Procedure  
 
This chapter aims to introduce the engine test bed’s different components and how they are 
linked to each other. It describes how various measuring devices are connected to the 
engine and how data is acquiesced. Furthermore, it gives a description for each measuring 
device and explains how it was calibrated. In addition, the general features and 
specifications are listed. Moreover, it discusses the principle of operation for those devices. 
Finally it presents the safety procedures which should be followed when operating 
experiments in the laboratory. 
 
Chapter 4: Results and Discussion  
 
This chapter expresses the data that was acquired and measured during the experiments in 
the form of analytical plots and graphs. These graphs are studied and analyzed as it present 
and compare the difference in performance between tested manifolds and fuels. In addition 











Chapter 5: Conclusion & Recommendations 
 
The conclusions are summarized, and the significant findings are highlighted in this 
































CHAPTER 2.  LITERATURE REVIEW 
This chapter presents the previous designs of the intake manifolds (section 2.1) and 
it compares their performance and emission characteristics with that of the standard intake 
manifold (section 2.2). Moreover, it gives some examples for previously used alternative 
fuels (section 2.3) and fuel blends (section 2.4) and it compares them with conventional 
Diesel fuel in terms of engine performance and emissions. 
2.1    Induction Manifold 
 
The intake manifold is a connection between the intake system of the engine to intake 
valves and through which the mixture of air or air–fuel is drawn into the engine's cylinders. 
Intake manifolds comprise regularly of a plenum, to the inlet of which bolts the throttle 
body, with the individual runners feeding every cylinder. The general  design criteria are: a 
low resistance for air flow ; fair distribution of fuel and air between cylinders; runner and 
branch lengths that take the advantage of tuning effects and ram; adequate (however not 
over the top) warming to guarantee sufficient fuel vaporization with carbureted or throttle-
body injection engine [7]. In addition, the induction manifold plays a major role in ensuring 
a sufficient amount of air-fuel mixing for combustion in the cylinder. For the diesel engine, 
the induction manifolds play a major role in creating strong induction swirl inside the 
cylinder to enhance the fuel-air mixing quality.   
The air pressure that is generated into each cylinder varies during the intake process as a 
result of the variability of speed of every cylinder, valve open zone variation, and the 





that is induced into the cylinder, and henceforth the volumetric efficiency, is totally 
determined by the pressure level in the intake port during the short time frame that 
precedes the intake valve closure. [8] 
During induction process, and as the piston reaches its highest speed, the pressure instantly 
upstream of the valve achieves its lowest value. This starts a refraction wave that travels 
upstream in the inlet duct to be reflected as a compression wave at its open end. Tuning 
happens when this compression wave comes back at the valve when it is closing (IVC). 
The conduct of the inlet duct can be displayed as that of a Helmholtz resonator or even, in 
straightforward cases, as a quarter-wave pipe [9]. 
Margary et al. [9] researched the impact of intake duct length on the volumetric efficiency 
and in the flow field of the cylinder of a single cylinder four stroke DI Diesel engine, 
motored at a speed of 1000–3000 rpm. They considered three lengths of straight duct 
upstream of the helical inlet port of the engine, and reported estimations of immediate mass 
flow rate and pressure drop over the port as a function of duct length and engine speed. The 
outcomes demonstrate a large increment of swirl velocity values as resonance of the 
induction system is achieved. 
The variation of the pressure created by the pulsating stream can be utilized to enhance the 
intake pressure level by configuring the intake manifold improving the pressure waves in 
the intake system. In this way, a static intake manifold must be enhanced for one particular 
rpm, so it is useful to build up a strategy to fluctuate the intake length and on the other hand 
volume. Recently, the manufacturing of a variable length induction manifold has become 





power. Most outlines utilize two intake manifolds with variable length on account of the 
trouble of delivering a continuously variable size induction manifold. Of these manifolds, 
the shorter one is utilized for high-rpm, and the longer one for low-rpm. 
2.1.1    Induction Manifold’s Alternative Designs 
 
2.1.1.1   Swirl Induction 
Swirl is one of the methods that are used to ensure rapid mixing between the mixture of 
fuel and air in Diesel engine. The swirl level at the end of the compression stroke does 
depend on the swirl produced during intake stroke and on the amount amplified among the 
compression stroke. In Direct Injection (DI) diesel engine, as fuel is injected, the swirl 
converts over it far from the fuel injector making the ambient air is accessible for the fuel 
going to be injected. The induction swirl is produced either by utilizing directed ports or by 
pre swirling the approaching flow by utilization of a spiral or helical or helical-spiral 
induction manifold. Helical manifolds are more compact than typical normal manifold. 
They are able to create more swirl than directed ports can do at low lifts; however at higher 
lifts they are inferior [10].  
Parameters like manifold and combustion chamber configuration, engine speed (Chen et 
al., 1998) [11] specifically impact the swirl in DI Diesel engines. Optimization of swirl 
concept becomes an important issue in the design of the intake systems in Diesel engines.  
Bugrake (1981) [12] displayed a flow model to foresee the turbulence and swirl vortices in 





experimental work that has used different intake manifold designs and combustion 
chamber configurations and it was found that they are in agreement with each other.  
Akira et al. (1990) [13] exhibited an exploratory examination for turbulence inside the 
combustion chamber for Diesel engine of direct injection. It has been found that engine 
speed, piston bowl shape and the intake manifold design plays a major role in varying the 
flow fields in diesel engine. 
Subsequently, the previous research about the new intake manifold design shows how it 
plays a major role on affecting the swirl speed at TDC and during intake and compression 
stroke. In addition to that, it varies the turbulent kinetic energy as well as the volumetric 
efficiency up to an engine speed of 3000rpm. 
2.1.1.2     Previous Designs 
 
From previous researches which were done on manifold design, it can be said that the 
design of the inlet manifold is very important on the IC engine. Hence, this information is 
very important on the study of the effect of using a spiral, helical, or a helical-spiral 
manifold design on the induced average swirl speed in the piston bowl at TDC, swirl ratio 
during suction and compression stroke, variation in turbulent kinetic energy and volumetric 








Figure 5. Helical, spiral and helical spiral manifold [10]. 
 
 
In this view, an experimental study has been conducted on a four stroke, single-cylinder 
diesel engine to study the effect of using the new manifold designs on the engine 
performance and emission. It was concluded that using the helical-spiral manifold results in 
a higher engine performance and lower exhaust emission in comparison to the normal, 
helical and the spiral manifold. Consequently, in this project the new intake manifolds are 
designed using a helical- spiral manifold’s shape. 
2.1.2    Simulation of the Fluid Motion on the Combustion Chamber 
 
The fluid motion in the internal combustion engine is induced during the induction period 
and later modified during the compression stroke. The incoming charge enters the chamber 
by going through the intake manifold. The incoming fluid has a stored kinetic energy that 
will result in turbulence causes rapid mixing between air and fuel, if the fuel is injected 
straightforwardly into the cylinder. In-cylinder fluid motion controls the flame propagation 





engine. Subsequently, it is particularly fundamental to comprehend the in-cylinder flow 
motion comprehensively in request to upgrade the combustion chambers for the present 
day internal combustion engines like gasoline direct injection (GDI), homogeneous charge 
compression ignition (HCCI) engines and so forth.  
Heywood (1998) [7] has expressed that generating a remarkable swirl and/or tumble 
motion in the intake stroke was one of the promising approaches to get high in-chamber 
turbulent intensity.  
Valentino et al (1993), Reeves et al (1999), Li et al (2001), Yasar et al (2006) and 
Stansfield et al (2007) [14] have used PIV technique with different engines, and reported 
that the incoming flow structure changes considerably across the cylinder length due to the 
geometry of the intake valve port and the tumble motion that was created during induction 
process. 
Lee et al (1993) and Justham et al (2006) [15] have investigated that using intake ports with 
smaller entry angles produce more effective tumble motion than at higher entry angles. 
They have noticed that the strong tumble motion brought about 15% abatement in 
combustion duration. 
Nadarajah et al (1998) and Auriemma et al (2001) [16] have implemented empirical 
examinations utilizing the Laser Doppler Anemometry (LDA) procedure to diagnose the 
engine in-cylinder flow behavior. Their outcomes indicated that the flow structure during 
the intake was especially influenced by the intake valve lifts with the development of down 





intake ending time. Likewise, addition of swirl into the engine was altering the structure of 
the flow, more specifically underneath the intake valve. 
In view of the PIV studies which were done on single-cylinder engines with various 
manifold inclinations at different intake valve lift conditions at similar rated speed, the 
accompanying conclusions are drawn: 
1) It is observed that there is a formation of reversal flow below the intake valve when 
using all the manifolds  
2) When using intake valve lifts with a 0 degree intake manifold's inclination, the flow 
of air takes a form of jet near the exit of the intake valve, however for other 
inclinations, formation of jet is not common for all lifts. 
3) It is observed that when using intake manifold with 30 degrees, there are large 
scaled vortex below the intake valve at all of the inclinations. 
4) It is also noticed that the use of 30 degree manifold angle can give the highest TKE 
when compared to other manifold inclination at lower valve lift. The reason behind 
that may be due to higher flow diversion angle obtained at this manifold inclination. 
Consequently, at low intake manifold inclinations, the minimum friction loss occurs 
when the air flows in the manifold leading to the highest TKE. 
5) The maximum TKE (Total Kinetic Energy) could be achieved when using the 
intake valve with a 60 degrees intake manifold for all the lifts. 
6) Finally, it can be deduced that using these previous observations can be used widely 
to optimize new intake manifold’s geometries and orientations, which can 





It is clear from the above that the spiral-helical manifold, the manifold length and the 
inclination angle affect the generation of the induction swirl inside the cylinder. All these 
parameters have been studied individually. However, compiling all these parameters in one 
design is expected to have different effect on the generated swirl and turbulence. Moreover, 
the effect of helical diameter, as another important design parameter, has not studied 
before. The present investigation has considered all these parameters in developing new 
designs for the induction manifold utilizing the 30 degrees as the manifold outlet angle for 
all new designs as it gives the highest TKE at low valve lift. 
2.2    Effect of Induction Manifold Designs on Engine Performance and Emission 
2.2.1    Engine Performance  
 
Brake specific Fuel Consumption  
The bsfc is a tool for measuring engine efficiency. The bsfc and engine brake thermal 
efficiency are conversely related, so that the engine becomes better as the bsfc is lower. 
Figure 6 shows the relation between brake specific fuel consumption with respect to engine 
load for the spiral, helical and helical spiral manifold in addition to the normal manifold. 
Brake specific fuel consumption of various inlet manifolds looks very similar to normal 
manifold. Bsfc increases with load up to 0.5kW, however as load further increments from 
0.5 to 3 kW. It can be seen from Figure 6 that brake specific fuel consumption for all new 
manifolds is less contrasted with normal manifold. It is important to note that 4.28% 
increment in brake thermal efficiency has been observed at 2.5kW load for helical spiral 










It is essential to increase the volumetric efficiency of an engine to its maximum because the 
amount of the fuel that can be combusted and power generated for a given engine 
displacement is expanded to its maximum. The volumetric efficiency relies on the 
geometrical configuration of the intake manifold, valve size, lift, and timing. Despite the 
fact that it doesn't impact in any way the thermal efficiency of the engine, it will impact the 
efficiency of the system in which it is introduced in. Plainly, heavier engines used in a 
vehicle result on a reduction of fuel economy .The variation of volumetric efficiency with 
load for normal and new manifolds is shown on Figure 7. It might be noticed that, the 
volumetric efficiency is the highest for helical manifold and least for normal manifold and 






Figure 7 .Load vs. volumetric efficiency [17] 
 
 
Volumetric efficiency for normal manifold at 2.5kW load is 70.147% and for spiral, helical 
and helical-spiral is 71.79%, 80.02% and 74.46% respectively. Volumetric efficiency is 
somewhat increased for all new new manifolds contrasted with normal manifold. The 
helical manifold having the highest volumetric efficiency contrasted with all other inlet 
manifolds at an efficiency of 80.02%. It is essential to note that 9.873% of increased in 
volumetric efficiency observed at 2.5kW load for helical spiral inlet manifold contrasted 
with normal manifold. 
Brake Mean Effective Pressure 
Figure 8 demonstrates the variation of Brake mean effective pressure concerned at various 





work per unit displacement volume exerted by the engine. Brake mean effective pressures 
were higher for new intake manifolds than normal manifold. [17] 
 
 
Figure 8. Load vs. brake mean effective pressure [17] 
 
 
The values  for brake mean effective pressure at 2.5kW of helical, spiral and helical-spiral 
manifolds  are 400.63, 419.30, 458.22 kN/m2 where as it is 377.05 kN/m2 for normal inlet 
manifold. The increment in brake mean effective pressure may enhance the output power 
and decrease exhaust emanation. It is important to note that the use of the helical-spiral 
manifold has increased the brake mean effective pressure by 81.17KN/m2 at 2.5KW when 






Exhaust Gas Temperature 
Figure 9 demonstrates the variation of exhaust gas temperature for spiral, helical, helical-
spiral and normal manifold at various loads. Exhaust gas temperature is an indication for 
transformation of heat into work that happens inside the cylinder. The exhaust gas 
temperature is higher for helical, spiral and helical-spiral than the normal manifold. At 
different load conditions it is observed that the exhaust gas temperature increments with 
load since more fuel is combusted to meet the power required. It can be noted that in the 
case of normal manifold operation the exhaust gas temperature is 217   at 2.5kW load. [17] 
 
 






For helical, spiral and helical-spiral inlet manifolds exhaust gas temperature quietly 
increments to 228, 245 and 246 0C respectively. The exhaust gas temperature is higher for 
helical spiral manifold which is 281 0C at 3kW load. 
2.2.2    Engine Emissions 
 
Hydrocarbons 
Figure 10 demonstrates the variation of hydrocarbons with regard to load for inlet 
manifolds that were tested. Unburned hydrocarbon emissions are brought about by 
incomplete combustion of fuel air blend. HC emissions shift from no load to full load and 
unburned hydrocarbons are higher in the case of spiral manifold contrasted with normal 
manifold, however it is less in the case of helical and helical-spiral manifold. The 
estimations of unburned hydrocarbons of spiral, helical and helical-spiral manifolds for 
steady speed at 2.5kw load are 46, 24 and 22 ppm when contrasted with 27 ppm of normal 
manifold. The plausible explanation behind this emission might be some bit of the fuel-air 
mixture in the burning chamber comes into direct contact with combustion chamber surface 






Figure 10. Load vs. hydrocarbons [17] 
 
 
Some of this extinguished fuel-air mixture is constrained out during the exhaust which adds 
to the high HC outflow from the results, it can be seen that the concentration of 
hydrocarbon of helical-spiral manifold is somewhat lower than normal manifold. Assist it 
can be noted from Figure 10 that emissions of the engine HC are far underneath the 
passable levels of according to BS-III standards at all the loads. 
Carbon Monoxide 
Carbon monoxide is produced as the result of deficient combustion. From Figure 11, the 
variation of carbon monoxide concerning load can be observed as the load increases the 
CO emission is increased.CO emissions are of smaller amount at low load and high at full 
load for normal manifold contrasted with different manifolds. It can be noticed that CO 






Figure 11. Load vs. carbon monoxide [17] 
 
 
The reason for increased CO emission might be due to incomplete combustion. The 
greatest CO emission was noticed at the full load 3kW. The estimations of carbon 
monoxide of helical, spiral and helical-spiral at load 2.5kW are 0.457, 0.68, 0.742% by 
volume respectively, whereas the esteem is 0.447% by volume for normal manifold at 
2.5kW load. From the chart, it can be gathered that at all loads which are below 3kw, the 
CO emission of the engine is in the allowable norms of confinement according to BS-III 
standards and beyond which it is more than the permissible standards. Henceforth it is 
recommended to run the engine at loads beneath 3kW load. 
Nitrogen Oxides 
Figure 12 depicts the oxide of nitrogen from the engine exhaust at various loads. NOx 
results because of interaction of Nitrogen and oxides at moderately high temperature. NO is 





emission becomes larger .The oxides of nitrogen were higher for helical and spiral 
manifold at lower loads, However when the load increases the emissions were less for all 
new manifolds in comparison with normal manifold. The estimations of NOx of helical, 
spiral and helical spiral inlet manifolds at a constant engine speed at 2.5kW load are 
392,344 and 259 respectively with regard to 430 ppm for normal manifold. [17] 
 
 
Figure 12. Load vs.     emissions [17] 
 
 
All the three new manifolds considered by the previous investigations yielded lower 






2.3    Alternative Fuels 
 
The earth-wide temperature boost and the extreme need for energy resources are among the 
most imperative issues that undermine the serene presence of the humankind. More use of 
energy alternatives and the need for minimizing the exhaust gases amount from car engines 
can be a viable solution for this issue. Moreover, Population development throughout the 
most recent decades has prompted to enormous development in fossil energy request. 
Forecasts of fossil fuel fatigue continue growing, inferable from the change of penetrating 
innovations, and the development of substantial amounts of shale gas holds. In this manner, 
in spite of the development of present day and renewable energy sources, for example, 
atomic, sun powered, and wind energy; fuel combustion will keep on playing a critical part 
in the energy change field. 
The two noteworthy powers that had been produced and generally utilized alongside the 
improvement of the ICEs and the car enterprises over the previous century are Gasoline 
and Diesel. The burning of gaseous fuel experiences flame spread after an underlying spark 
occasion lighting the homogeneous air–fuel mixture in SI motors, while the ignition of 
Diesel fuel is driven by the auto-ignition of the fuel presented to high temperature gas, 
warmed by compression in CI motors. Despite the long history of an enduring store 
network and the decided position of gas and Diesel as traditional car fills in the market, the 






2.3.1    Alternative Fuels and their Importance 
 
The meaning of alternative fuels may vary depending upon the specific situation. The 
present study characterizes alternative fuels as those other than conventional Gasoline and 
Diesel fuel, covering a wide assortment as far as manufacturing sources and final form. For 
instance, Ethanol fuel is viewed as an alternative for SI motors, paying little consideration 
to its unique source from either traditional raw petroleum or any renewable biomass. The 
alternative fuels characterized by the Energy Policy Act (EPAct) additionally cover an 
endless measure of non-traditional fuels, including alcohols. For example, ethanol 
(counting mixes with gas more than 85%); regular gas and condensed energizes locally got 
from normal gas; Liquefied petroleum gas (LPG); Coal to Liquid fuels (CTL); Hydrogen 
(H2); Biodiesel (B100); and fuel that is generously non-petroleum that yields significant 
energy security and ecological advantages. The importance of alternative fuels can be 
ascribed to the accompanying points: 
1) Seeking after energy supportability through the expanded utilization of those 
alternative fuels got from renewable energy sources and moderating the worries of 
restricted fossil fuel energy. 
2) Enhancing engine productivity and its performance as the alternative fuels can 
enhance the physical and chemical properties of conventional fuels when they are 
blended. 
 





2.3.2    Considerations for Alternative Fuels 
 
A portion of the common considerations for using alternative fuels for both SI and CI 
engines are listed below:  
1) Chemical properties, for example, octane and cetane number. 
2) Physical properties (splash or blend formation for ignition, and engine operability 
over an extensive variation of temperatures).  
3) Lower Heating Value (LHV). 
4) Compatibility (counting approval by engine and vehicle makers and expenses). 
5) Manufacturing expense and foundations. 
6) Volatility 
7) Sulfur content 
The combustion properties straightforwardly indicate whether or not the given alternative 
fuel is suit-capable for engine operation. The physical properties are additionally essential, 
as they decide the development of flammable blend. Moreover, Octane and Cetane number 
play a vital role in determining the timing of ignition and its delay. The LHV decides the 
viability of the fuel as a vitality transporter. The practically identical level of LHV to 
traditional fuels is favored; otherwise penalties in using fuel may get to be distinctly risky. 
Material similarity with current engine equipment or fuel supply framework is vital for the 
infiltration of alternative fuels into the market as these alternative fuels could be corrosive 
for some fuel system components. Something else, an extraordinary measure of extra cost 
would be exhausted for equipment adjustments in case the alternative fuel was not suitable 





2.3.3    Alternative Fuels for Diesel Engine 
 
2.2.3.1    Fuel Requirements for Diesel Engines  
Diesel fuel is the ordinary used fuel for CI engines. The particular distinction of burning in 
CI contrasted with SI engine is that the fuel is directly injected into the chamber, and auto-
ignited because of the high encompassing temperature toward the end of the pressure 
stroke. Hence, the auto-ignition capacity of the fuel is critical for its utilization in CI 
engines. A few vital criteria that exist to quantify the nature of alternative fuels related to 
CI engine are [18]: 
1) Cetane number  
2) Boiling point  
3) Narrow density and viscosity spread 
4) Low aromatic compounds (particularly poly- aromatic compounds) content 
 
The cetane number (CN) firmly decides the ignition quality of the fuel. It is likewise an 
essential definitive component for whether a given alternative fuel is suitable for use in a 
CI engine application. The fuel and air blend extensively, and shape a burnable blend 
during the ignition delay period. The physical deferral incorporates warming and 
dissipation of the fluid fuel [19], shaping a flammable blend. The chemical delay 
incorporates pre-start responses that separate the hydrocarbon fuel and create radicals, 
taken after by very exothermic response prompting to the premixed period of Diesel spray 
ignition. Heat of vaporization and auto-ignition temperature have a major role in these 





during the semi enduring period. The dispersion fire remains a separation far from the 
spout downstream, where the separation is alluded to as the lift-off length (LOL) [20]. 
Formaldehyde (HCHO), which is a marker for the cool-fire during the transient start 
process, is at first framed upstream of the LOL, and is devoured downstream of the LOL in 
the fuel-rich premixed response zone. Soot is shaped as an aftereffect of both rich the 
premixed response zone [21] and the hot fuel-rich center of the Diesel stream. 
 
 
Figure 13. Conceptual schematic of conventional diesel combustion [21]. 
 
 
Generally, smoke discharge gained from the tail-pipe is a last aftereffect of rivalry between 
ash development and the oxidation procedure. The soot formation process can be divided 
into molecule arrangement and molecule development. The items after oxidation as well as 





especially acetylene and its higher analogs (C2nH2), and polycyclic aromatics 
hydrocarbons (PAH) [22]. These two sorts of particles are considered  in all probability 
antecedents of residue on fire. The measure of air entrainment, which is vital for bringing 
down the locally fuel-rich district and smothering ash arrangement, increments with 
expanding LOL. The proportionality proportion at the LOL [23-25] is dictated by both 
engine parameters, for example, surrounding O2 fixation and so forth. Furthermore the best 
possible ties of the fuel itself, for example, the auto-ignition temperature and stoichiometric 
air–fuel proportion. 
In conclusion, alternative fuels can have different physic-chemical properties which may 
bring about various engine execution and engine out emissions, because of various blend 
arrangement forms.  
2.3.3.2     Biodiesel 
Biodiesel is an alternative fuel in view of bio-started feedstock. An assortment of oil feed 
stocks can be converted to fuels. These incorporate vegetable oils, creature fat, and waste 
cooking oil. Rapeseed and soybean oils are the most ordinarily utilized crude materials for 
biodiesel fuel. Soybean oil alone represents around 65% of the U.S. biodiesel creation in 
2013 [26]. The reutilization of waste cooking oil has pulled in consideration, since it can 
dispense with disposal problems [27, 28]. Waste cooking oil determined Biodiesel 
demonstrated the most minimal GHG outflows, with around 82% GHG discharges sparing 
contrasted with ordinary Diesel [29]. Inclinations of feedstock vary in various nations, in 





The LHV of Biodiesel is not as much as that of ordinary Diesel fuel [30], while it largely 
has a higher cetane number [31]. Biodiesel likewise shows a higher flash point looked in 
comparison with conventional Diesel [32], which is beneficial for fuel stockpiling and 
transportation wellbeing. Biodiesel has higher cloud and pour directs looked at toward 
ordinary Diesel, because of the higher bit of immersed unsaturated fats. Cloud and pour 
points demonstrate the most minimal temperatures at which a fuel can be pumped, before 
transforming into a wax of precious stones (crystals) [33]. Higher cloud and pour points 
mean impediments in cold start, and is considered as an obstacle to the utilization of mixes 
with huge Biodiesel portions. Biodiesel has higher density and more viscosity; also it has 
larger surface pressure, contrasted with conventional Diesel. 
The lower heating value of Biodiesel may turn into an obstacle to accomplishing most 
extreme torque under full load condition. Tests performed with different soybean Biodiesel 
mixes from B10 to B100 demonstrated that the normal most extreme brake torques 
diminished by 1.57%–4.7% [34]. The indicated specific fuel consumption (ISFC) of the 
Biodiesel was up to 15% higher than that of the Diesel fuel, exclusively due to the lower 
LHV in mass premise, notwithstanding the reality of unaffected engine efficiency 










Comparison between the major properties of diesel and biodiesel 
Item Diesel fuel     Biodiesel   
Chemical structure 
 
CH3-O-CH3   
Cetane number 52.8 46-64   
Liquid density ( kg /  ) 0.82 0.70-0.89   
Low heating value (MJ/kg) 42.5 41-42   
Kinetic viscosity ( at 313 K ) (cSt) 2.6 4.5   
Auto - ignition temperature (K) 508 
 
  
Boiling point at 1 atm ( K ) 450 - 643 588 - 623   
Vapor pressure at 298 K (Kpa)  << 10 0.27   
 
The U.S. EPA delivered a report of distributed Biodiesel emissions information for 
substantial heavy-duty engines. Figure 14 outlines the general outcomes for CO, HC, NOx 
and PM discharges [36]. A sufficient amount of CO and HC outflows was observed to be 
reduced which implies higher burning rates. These outcomes were expected due to the 
oxygenated content of Biodiesel, where more oxygen was accessible for combustion, and 
for diminishing the outflows in the exhaust [37]. It likewise advanced steady and finish 
combustion by conveying oxygen to the pyrolysis zone. The oxygen can diminish locally 






Figure 14. Average emission impacts of biodiesel fuels in compression ignition engines 
[38] 
 
2.3.3.3     Di-methyl ether 
DME has been utilized for quite a long time as an airborne force in the individual care 
industry. It has picked up consideration as a perfect alternative fuel to LPG, Diesel and gas, 
with physical properties fundamentally the same as those of LPG. It can be obtained from 
many sources, including fossil fuels (normal gas and coal) and renewable materials 
(biomass, squander and agricultural products) .The cetane number of DME is higher than 
that of Diesel, which makes it a promising alternative fuel for CI engines. The low vapor 
pressure at 298 K is advantageous in melting the fuel for capacity or transportation; 





K) during steady state operation of the engine [39]. Table 2 compares between the major 
properties of diesel and DME. 
 
Table 2  
Comparison between the major properties of diesel and DME 
Item Diesel fuel DME 
Cetane number 52.8 > 55 
Liquid density ( kg /  ) 0.82 0.667 
Low heating value (MJ/kg) 42.5 27.6 
Kinetic viscosity ( at 313 K ) (cSt) 2.6 < 0.1 
Auto-ignition temperature ( K ) 508 523 
Boiling point at 1 atm ( K ) 450 - 643 248.1 
Vapor pressure at 298 K ( Kpa ) << 10 530 
 
 
2.3.3.4        JP-8 
JP-8 is a commercial fuel of kerosene-type (8–16 carbon particles for every atom) that 
incorporates four added substances: a static dissipater added substance, erosion in-hibitor, 
lubricity improver, and fuel framework icing in-hibitor. JP-8 is delivered in an unrefined 
petroleum refining process, which is traditional petroleum refining. Its boiling point lies 
between that of Gasoline fuel and Diesel fuel [40]. The cost of JP-8 is less expensive than 
that of Diesel fuel, on the grounds that JP-8 does not require any procedures to upgrade its 





engine power, and influence specific fuel consumption [41,42]. JP-8 additionally has a 
lower distillation temperature, which implies unrivaled evaporation characteristics [43]. 
The cetane number of JP-8 ranges from 39 to 45, depending upon its production area, 
which is by and large lower than that of Diesel fuel. The ignition delay of JP-8 (cetane 
number of 38) measured in a steady volume vessel was 25%–50% higher contrasted with 




Comparison between the major properties of diesel and JP-8. 
 
 
2.3.3.5        Waste Cooking Oil 
Fried food is exceptionally well known in India. The most general used cooking oil for 
frying are sunflower oil, coconut oil, palm oil as they can be easily accessed, and 
particularly the coconut oil which is significantly accessible in south India. It is verifiable 
truth that, when those are warmed for a broadened time, they experience oxidation and 
Item Diesel fuel JP-8 
Auto - ignition temperature ( K ) 508 483 
Cetane number 52.8 45 
Boiling point at 1 atm ( K ) 450 - 643 486 
Liquid density ( kg /  ) 0.82 0.79 





offer rise to oxides. A large number of these, for example, hydro peroxides, peroxides and 
polymeric substances have demonstrated unfriendly wellbeing/natural impacts, for 
example, growth problems, dangerous medical impact in liver and kidney in addition to 
cell damage to various organs when they are fed to laboratory animals .[44] 
Consequently, used cooking oil is a waste that results from activities mostly related to the 
food sector (especially restaurants), which have significantly increased in the upcoming 
years. The majority of this oil is disposed in an inappropriate way such as leaving it into the 
city drainage resulting in water pollution. However, waste cooking oil has been recently 
utilized as a fuel in the industrial, residential and combustion sector. [44] 
It was found that waste cooking oil has very comparable properties to diesel oil such as a 
low flash point and viscosity in addition to a low calorific value. Table 4 compares between 














Comparison between diesel and waste cooking oil properties [44] 
Properties Diesel WCO biodiesel 
Chemical formula  C12H23 C17H31O2 
Viscosity (N/ms)  5.2 (at25°C) 4.9 (at 25°C ) 
Calorific value (KJ/Kg)  42000 42650 
Density (Kg/Kg)  834 862.6 
Cetane number  46 48.7 
Flash point(°C)  53 160 
Sulfur contents (mg/kg)  57 8 
Carbon (% w)  86.2 76.4 
Ash Content (%)  0.008 0.0258 
 
 
An experimental test that has been conducted on a single cylinder ,four-stroke water cooled 
diesel engine to compare between pure Diesel and the blend of Diesel with 10% WCO 
(B10),20% WCO (B20) and 30% WCO ( B30 ) in performance and emission 
characteristics at a constant engine speed condition ( speed = 1500 rpm). The brake specific 
fuel consumption for the three blends was higher than pure diesel at low and high loads as 







Figure 15. Specific fuel consumption at various engine loads for diesel and diesel-waste 
cooking oil blend [44] 
 
Figure16 shows the variation of brake thermal efficiency with the change in engine load. 
At no load condition, BTE of the three blends and diesel was the same. As the load is 
further increased, BTE increases because it is a function of brake power. At part load 
conditions, B20 has achieved a higher BTE than diesel because its calorific value is less 
than diesel. BTE of B10 and B30 was almost similar at part loads and lower than diesel. 
When the engine is operating at full load condition, BTE of the three blends was almost 






Figure 16. Brake thermal efficiency at various engine loads for diesel and diesel-waste 
cooking oil blend [44] 
 
Figure17 demonstrates the variation of mechanical efficiency with the change in engine 
load. At low load conditions, Mechanical efficiency of the three blends was more than pure 
diesel. After that, the mechanical efficiency for all the fuels was increasing with load but 
was higher for the three blends. The use of the three blends caused the mechanical 
efficiency to increase more than Diesel (50.79 and 50.31% respectively). The reason 
behind that may be referred to the higher reaction interactivity and the better fuel spray in 







Figure 17. Mechanical efficiency at various engine loads for diesel and diesel-waste 
cooking oil blend [44] 
 
2.3.3.6     Corn Oil 
Corn oil is a vegetable oil used in cooking and is extracted from the germ of corn. It is used 
widely in frying because of its high smoke point. It is also found in some margarines as a 
gradient. Generally, corn oil is less expensive than other vegetable oils. Apart from 
cooking, corn oil is used as a feedstock for producing Diesel fuel. Also, it is used in some 
other industries such as paint, soap, rustproofing, inks, nitroglycerin and textiles. In 
addition to that, it is used for drug molecules as a carrier. [45] 
Corn oil is used with diesel as a fuel blend due to its higher cetane number and oxygen 
content which can result in less exhaust emission rates. The use of raw corn oil as a fuel in 





which may cause problems for fuel injector and transforming the lubricant oil into gum in 
addition to piston ring sticking as it has a low volatility. In order to overcome this problem, 
corn oil is mixed with diesel in an advanced fuel process where the fuel properties are 
enhanced. Table 5 is used to compare between the properties of corn oil and diesel. [45] 
 
Table 5 
Comparison between diesel and corn oil basic properties [46] 
Properties Diesel Fuel Raw Corn oil 
Viscosity (   /s) 4.3 ( at 27 C ) 46 ( at 27 C ) 
Density (       ) 815 915 
Flash Point ( C ) 58 270 - 295 
Heating Value ( KJ/Kg) 43350 37825 
Cetane Number 55 37.6 
 
 
It was found that the use of diesel-corn oil blend can decrease the bsfc rate by an average 
percentage of 10.53%.This enhancements in bsfc is due to the lower heating value and the 
higher density of diesel-corn fuel blend in comparison with pure diesel. Figure 18 shows a 








Figure 18. Comparison between diesel and diesel-corn oil fuel blend in bsfc at a constant 
engine load [46] 
 
Engine design parameters such as combustion chamber design, fuel type ,engine speed, 
atomization rate, and air fuel ratio affect all emissions that result from IC especially CO in 
exhaust. From Figure 19 it was found that the use of diesel-corn fuel blend causes a 
reduction in CO emission by an average percentage of 35.2% due to higher oxygen content 







Figure 19. Comparison between diesel and diesel-corn oil fuel blend in CO emission at a 
constant engine load [46] 
 
2.3.4    The Effect of Alternative Fuels on GHG Emission 
 
The search for stable energy supplies from different energy assets together with the 
associated move toward renewable energies is important, in light of the fact that most 
energy resources as of now depend on fossil fuels, which are of limited accessibility. In 
spite of the projection that conventional petroleum-based fuel would in any case command 
transportation fills for the following 50 years [47], the craving for energy security and 
sympathy toward reducing greenhouse gas (GHG) emission have additionally prompted to 





The utilization of fossil fuels is a noteworthy cause to CO2 emanations, where human 
exercises produce around 25 billion tons of CO2 every year [48]. The utilization of 
renewable biofuels can frame a CO2 life cycle, which from a social point of view can add 
to aggregate CO2 emission moderation. For instance, a full life cycle assessment (LCA) 
that was conducted to look at the GHG effects of conventional fuels and biofuels 
demonstrated that the biofuels got from vegetable oil, and also corn-and wheat-based 
ethanol when they are created utilizing biomass as an essential energy source, would cut 
GHG outflows on a well-to-wheel (WTW) premise to about half of that of conventional 
fuels [49]. This examination considered all the GHG outflows created from their 
generation, transport and capacity, and emission connected with their utilization in 
vehicles, subtracted by the measures of CO2 taken in from the atmosphere by the biomass 
in its development stage. 
Biofuels represented around 3% of the aggregate worldwide transportation fills by 2012 
[50] .Figure 20 demonstrates that as the energy request in the transportation section 
continues expanding in the close term, the proportion of biofuel to the aggregate sum of 
fuel is likewise anticipated that would increment, which from a long-term point of view 



















Actualizing low-carbon transportation fuels, such as the second-generation biofuels adding 
to that the efficiency enhancement of vehicles, is relied upon bringing future GHG 
emission down to the present level in the best estimation. 
From a specialized perspective, the wide utilization of renewable biofuels can likewise 
straightforwardly add to enhancements in engine overall performance and emission 
qualities. The harmony between fuel efficiency and dangerous emission, for example, 
unburned hydrocarbon (HC), carbon monoxide (CO), nitrogen oxides (NOx ) and 
particulate matter (PM), has dependably been an important issue in the engine research 
field. Since the burning of fuel is dictated by the air–fuel mixing, the advantages of the 
unique properties of alternative fuels can be profitably and specifically used during the 
engine combustion period. Research is being led worldwide on the utilization of alternative 
fuels to ICEs to uncover their possibilities. 
2.4 Fuel Blends 
With expanding energy utilization and natural contamination, the advancement of clean 
renewable fuels and modern combustion technologies to fulfill more stringent emission 
controls has turned into an attractive research point, especially in the field related to 
internal combustion engines. As of late, biofuels have gotten much consideration as 
spotless and renewable fuels, especially Ethanol, n-Butanol, polyoxymethylene dimethyl 
ethers (PODE), and Biodiesel are the most illustrative biofuels. 
Biofuels have many favorable characteristics as alternative fuels to be used for Diesel 





they contain characteristic oxygen that declines the substance of sweet-smelling 
hydrocarbon and sulfur and deplete exhaust emissions. In this manner, it is fundamental to 
examine the combustion and discharge attributes of Diesel engines powered with biofuels. 
Since the vast majority of the biofuels can be utilized on the engine without alteration, they 
have been investigated universally as blended components or Diesel fuel substitutes for 
Diesel engines. [52, 53]. 
Many tests have been led to research the combustion and emission qualities of Diesel 
engines operated with biofuels. In the following subsections some of the most 
representative biofuels that have been used are considered on this study. 
2.4.1  Diesel- Biodiesel Blend 
Recently, renewable energy resources were proposed to be as another alternative to 
petroleum-based fuels. Biodiesel, got from vegetable oil or creature fat, is considered as an 
alternative renewable fuel for use in Diesel engines , Biodiesels have both points of interest 
.what is  more, inconveniences, which can be recorded as follow, respectively. The upsides 
of Biodiesel as Diesel fuel, aside from their renewability, are their insignificant sulfur and 
low aromatic content, higher flash point, higher lubricity, higher cetane number and higher 
biodegradability and non-toxicity. Likewise, Biodiesel contains around 10 to 11% oxygen 
by weight. Then again, weaknesses incorporate their higher viscosity, higher pour point, 
lower calorific value and lower volatility. In addition, their oxidation stability is lower, they 
are hygroscopic and as solvents, they might cause consumption of parts (corrosion), 





indicate expanded weakening and polymerization of engine sump oil, along these lines 
requiring more successive oil changes. [54, 55] 
In this review, execution of a four stroke, single cylinder, direct injection (DI) Diesel 
engine powered with Diesel Biodiesel blend has been tested experimentally.  The results 
appeared that, effective power increases constantly, effective efficiency increases to a 
specified value and then starts to decrease with increasing engine load at constant speed, as 












Figure 23. Comparison of theoretical results and experimental data for effective efficiency 
[55] 
 
Figures 22 and Figure 23 indicate for experimental and hypothetical consequences of 
effective power and effective efficiency as for change of engine load for various engine 
modes. It can be noticed that the effective power increments with expanding engine load 
and it spans to most extreme esteem at 100% load. The most extreme viable power is 
acquired at STD condition as 11.32 kW. The effective efficiency increments up to 75% 
load and after that begin to diminish. It reaches its peak value at 25.53% which is gotten at 
B50 condition. As can be found in the figures above, the simulation results agree with the 






2.4.2  Diesel- Ethanol Blend 
Using the blend of Ethanol with Diesel as an alternative fuel  is one of the best strategies to 
battle air contamination from vehicles. This comes from the fact that it has a biodegradable 
nature to decrease environmental emissions from vehicles; Ethanol gives a tool to address 
ecological worries without requiring a completely new path for products and individuals to 
get starting with one place then onto the next. Ethanol contains 35% oxygen and with 
adding oxygen to fuel brings about more entire fuel ignition, decreasing destructive tailpipe 
emissions [56].In this review, the mixing between Ethanol and Diesel Fuel were E0, E2.5, 
E5, E7.5 and E 10. The operation of diesel engine is at 1,000-1,500 rpm with 0, 10, 20, 30, 
40, 50 and 60 Nm engine loads. The direct mixing of Ethanol and Diesel fuel has favorable 
advantages in decreasing emissions of CO, Soot and NOx rates. The engine brake power of 
pure Diesel is marginally lower than those of E2.5-E10, particularly for speed above than 
1400 rpm [57]. 
The variation of engine brake power with the variation of speed for Diesel fuel and mixed 
ethanol from E0, E2.5, E5, E7.5 and E 10 was displayed on Figure 24. It appears that the 
engine break power is very insensitive above than 1400 rpm. Unexpectedly, beneath 1400 
rpm the engine break power is sensitive. However, the engine power break of pure Diesel 








Figure 24. Comparison of theoretical results and experimental data for effective power [57] 
 
 
The brake specific fuel consumption (BSFC (g/kWh)) is characterized as the proportion of 
the rate of fuel consumption (g/h) and brake power (kW).Figure 25 shows that the variation 
of the BSFC with speed (rpm) for Diesel fuel and mixed ethanol. For all of fuels 
experimented at range of 1475 rpm – 1500 rpm least BSFC was acquired at 490 rpm as 450 
g/kWh for Diesel fuel, 1000 g/kWh for E7.5% and 2000 g/kWh for E10. Also from the 
results of BSFC, it is contended that the rate of brake specific fuel consumption is 








Figure 25. Effect of ethanol addition to break specific fuel consumption [57] 
 
 
Another experiment that was conducted on a four stroke, single cylinder diesel engine at a 
constant speed (speed = 1500 rpm) stated that using a fuel blend that constitutes from 50% 
volume Ethanol and 50 % Diesel can decrease the particulate matter and the smoke 
opacity, however the emission rate of Nitric oxides is increased significantly because of the 
low cetane number of Ethanol resulting in a high flame temperature and higher NOx level. 
The NOx emission could be decreased to be less than the emission of diesel by adding a 
7% DME to the blend .The addition of DME to the blend has reduced the NOx emission by 
a 22.4%.The reason behind that is referred to the high cetane number of DME which has 
increased the blend total cetane number and resulted in a lower ignition delay and less NOx 
level. Figure 26, Figure 27 and Figure 28 compare between diesel, diesel –ethanol blend 
and the blend of diesel-ethanol and DME in Particulate matter emission, Smoke density 






Figure 26. Comparison between diesel, diesel –ethanol blend and the blend of diesel-




Figure 27. Comparison between diesel, diesel –ethanol blend and the blend of diesel-






Figure 28. Comparison between diesel, diesel –ethanol blend and the blend of diesel-
ethanol and DME in nitric oxides emission [58] 
 
2.4.3  Diesel- Butanol Blend 
The aim of this review was to evaluate combustion, performance as well as emission 
attributes of Diesel engine using Diesel-Butanol blends. In this context, trial examinations 
were done on a single cylinder four stroke water cooled direct injection Diesel engine 
utilizing Butanol mixed blended at various volume ratios with Diesel fuel. The Butanol had 
no stability or solubility issues when mixed with Diesel fuel. As there was most certainly 
not phase separation in the mixes, no added substance was included. The exploratory 
examination was finished with four diverse mixes of Butanol on volume premise [B0 (0% 
Butanol and 100% Diesel), B5 (5% Butanol and 95% Diesel), B10 (10% Butanol and 90% 





concentrate the effect of utilizing Butanol - Diesel mixes on Diesel engine combustion, 
performance and emissions. 
Figure 29 demonstrates the variation of BTE (Brake Thermal Efficiency) at various loads 
for various mixes of Butanol. BTE increments with an expansion in load for all mixes. 
Higher the rate of Butanol in the blend, enhancement of the brake thermal efficiency can be 
figured out in contrast with pure Diesel fuel. This is because of better combustion on 
account of the presence of oxygen, which includes higher combustion efficiency. Butanol 
minimizes the interfacial pressure between at least two communicating immiscible fluids 
helped the better atomization of fuel, which enhances combustion of Diesel. 
 
 







             
Figure 30.Variation of carbon monoxide emission with load for different butanol blend 
percentage [59] 
 
Figure 30 demonstrates the variation of CO with load for various rates of Butanol mixes. 
CO emissions are greater at lower loads. This is because of the reality that its idle latent 
heat of evaporation is somewhat higher than that of Diesel; as a result there is insufficient 
vaporization and thus less time to burn fuel totally that outcome in significant increment in 
CO emanations. At higher loads, enough time accessible for combustion to happen, better 
blending and inbuilt fuel oxygen which outcomes in total combustion and henceforth 
marginally diminished the CO emissions, for mixes at high load. 
It can be deduced form the previous section that the use of biofuels with diesel in a fuel 
blend can enhance engine performance and reduces its emission rates. Therefore, in the 





of alternative fuels such as GTL and using corn oil as a biofuel in a blend form with diesel. 
In addition to that, waste cooking oil has been also utilized to produce biofuels and save the 



















CHAPTER 3.  EXPERIMENTAL SETUP 
In this chapter of the report, there will be a detailed discussion about the test rig in 
section 3.1. After that, this chapter proposes the new induction manifolds that are 
developed to achieve the goal of this project in section 3.2. In section 3.3, the main 
physical and chemical properties of the alternative fuels that will be blended with diesel 
fuel are presented. In the last section of this chapter (3.4) the research methodology that is 
followed in this project to implement the experiments and get the results is discussed. 
3.1    Experimental Method 
 
The experimental tool used for this project is the engine test bid. The aim of this project is 
to characterize the performance of the engine by using various new induction manifold 
designs and by altering the type of fuel by using alternative fuels and fuel blends. A 
schematic diagram for the engine test bid and the measuring devices is shown in Figure 31. 
This experimental design setup includes the main key features that can be withdrawn out 







Figure 31. Schematic of  the test rig [60] 
 
 
The engine experiment was performed on a T85D-DIDACTA ITALIA engine test rig that 
is coupled to an ARONA single cylinder, four stroke, water cooled direct injection 
compression ignition diesel engine which is coupled to an electric dynamometer with a 
motor besides a load cell. The mechanical and geometrical specifications of the engine are 










 Specifications of the used engine 
Parameter Specification 
No. Cylinders single cylinder,4-stroke 
Engine Type Compression ignited 
Type of Cooling Water-Cooled Engine 
Bore (m) 0.082 m 
stroke (m) 0.068m 
Max.Power (H.P.) 6.5 H.P. 




The dynamometric unit is mainly a direct current electrical machine that is suitable for 
working therefore either as a generator or as a motor. Therefore it allows the starting of the 
endothermic engine and its motoring over. In order to allow for the dynamometer to run, a 
motor that is connected to the dynamometer through a coupling should be turned on by a 
switch located on the engine control board. Figure 32 demonstrates how the motor is 
coupled to the engine through the crankshaft. In this context, the speed of the engine can be 
tracked out by directing the laser beam of the speed tachometer that uses the pulse counting 
principle to detect the crank shaft speed. The features and specification for the speed 







Figure 32. Dynamometer coupled to the engine with the crankshaft 
 
 
An electrical control board that is installed on the engine test bed accompanies most of the 
controlling features, buttons and knobs. This board involves the following: 
1) General switch 
2) Extractable key switch to activate the feeding of the circuits of the control board 
3) Spy-pushbutton with red light with functions as a detector of the carried out 
activation of the electrical circuits and as a safety switch for the feeding circuit. 
4) Voltmeter for the voltage delivered by the mains 
5) Commutator to connect the voltmeter 4 with the phases of the feeding network 
6) Voltmeter for the voltage delivered by the dynamometer 
7) Ampere meter for the current delivered by the dynamometer 
8) Selector of the functional conditions of the direct current electrical machine. The 
horizontal positions of the knob correspond to the condition “motor”. The vertical 





9) Selector for the electromagnetic couplings: it consents to connect to the 
dynamometric unit one or the other of the endothermic motors installed on the test 
stand. 
10)  Potentiometer to regulate the power delivered by the dynamometer in its working 





























Figure33 shows how this board does looks like and where each component (1-10) is 
















   
 





As it is shown in the schematic of Figure 31, there are two fuel tanks that are used to 
supply the engine with either Diesel or any alternative fuel by using fuel pipes and 
controlling valves to control the amount of fuel that is supplied to the engine. Figure 34 




Figure 34. Fuel tanks  
 
 
As the fuel is being discharged from the tank during the experiment, the fuel flow rate can 
be measured by using a calibrated burette and a stop watch. Moreover, it is important to 
note that the volume flow rate can be measured by using a stopwatch and by controlling the 
fuel supply valve such that it is closed when five cubic centimeters are read on the fuel 







                    
Figure 35. Fuel calibrated burette                         Figure 36. Fuel supply valves 
 
 
It is also visible on the schematic of Figure 31 that there is a tank used to supply the engine 
with air. Generally, devices such as Nozzles, Venturi meters, and orifice meters are used to 
measure the air flow rate by creating a reduction in the passage section of the fluid and 
generate an increase of its speed and therefore a decrease of the pressure in the decreased 
section. The flow rate is then calculated by an easy way without having to use formulas; 
however there are diagrams that allow the immediate calculation of the flow rate according 
to the measured value of   .A typical diagram that allows for the measurement of the air 





knowledge of volume flow rate of the fuel and of the air. Figure 37 demonstrates the air 
tanks used to supply engine with fresh air. The aim of using these tanks is to damp any 




Figure 37. Air tanks 
 
 
Before the air enters into the combustion chamber of the engine, it flows through an 
inclined pipe called the induction manifold (marked with a red circle on the schematic of 
Figure 31).The existence of this induction manifold is vital for the combustion process 
since it causes the swirl motion of the air flowing into the engine. As to achieve the 
purpose of this project, the standard normal induction manifold is not kept on use 
permanently; however, it is replaced with new manifolds (new induction manifold designs) 





The in-cylinder pressure and crank angle position were obtained by AVL QH 33D water 
cooled piezoelectric pressure transducer and PALAZZOLI digital shaft encoder; the output 
of the pressure transducer was amplified by an AVL charge amplifier and then the output 
signals displayed on Instek GDS-3152 Digital Storage Oscilloscope with 150 MHz 
sampling rate. Hence, the data was recorded and saved as CSV files and transferred for 
further analysis.  
The pressure transducers installed on the engine test bid which is also called a pressure 
transmitter is mainly a sensor that is used to convert pressure into electrical signal. The 
pressure transducer sensor is connected to a charge amplifier which is an electronic current 
integrator that generates a voltage output that is proportional to the integrated value of 
input current. Finally the oscilloscope is used to preview the output signals on the voltage – 
time axis .This oscilloscope has a built in data acquisition system that can be used to record 
a very high number of voltage against time readings and then present them on an excel 
sheet that has a CSV file format. Later on, a Matlab code is used to convert the Voltage - 
Time signals to Pressure – Crank angle (theta) signals where the maximum pressure can be 
then extracted out of these signals with respect to the corresponding crank angle. The 
features and specification for the oscilloscope and the calibration process for the pressure 
transducer are covered in Appendix C. 
An ENRAC portable emission analyzer with an accuracy of 1 ppm is used to measure 
exhaust emissions concentrations of CO,CO2 ,HC and NO. Thus, the output data were 





the gas analyzer and its calibration process are covered in Appendix B. In addition to that, 
the principle of operation is explained.  
 
An ECO SMOKE 100 smoke meter was used for the measurement of emission level on 
that Diesel engine by partial flow method using optical based on folded geometry. It has an 
opacity range between 0 – 99.9% with a resolution of 0.10 % .It has the capability to work 
on the environmental conditions of the lab and it operates on both AC and DC power 
supply. The features and specification for the smoke meter and its calibration process are 
covered in Appendix B. In addition to that, the principle of operation is explained. 
An AEROCET 531 is a small portable unit used as a particle counter and a mass 
concentration detector operated with battery. It can be used in two modes, one of them for 
counting the number of particles and the other is for detecting the mass concentration of the 
particles. In the particle counting mode (used in this experiment) it displays on the LCD 
screen the number of particles detected on the exhaust for the particle sizes >0.5μm and 
>5.0μm after one minute of operation. In the mass concentration mode, it provides the 
mass concentration of the particle per cubic meter for the sampled air. It can test particle 
sizes as fractions of PM1, PM2.5, PM7, PM10 and TSP. The features and specification for 
the particulate meter and its calibration process are covered in Appendix B. In addition to 
that, the principle of operation is explained. 
 
K type thermocouples were mounted to measure air inlet, exhaust gases and cooling water 
temperatures at relevant points. Even though all sensors were provided with its calibration 





working condition that were monitored during the tests. The uncertainties in the 




 Uncertainty in the readings of measurement and the results 
Variable Uncertainty (%) 
Torque (N m) ±1 
Speed (rpm) ±0.3 
Power (kW) ±0.533 
Time (s) ±1 
Fuel volume (cm3) ±0.5 
bsfc (g/kW.h) ±0.6 
Exhaust gas temperature ( C ) ±1.0 
Volumetric efficiency (%) ±0.75 
Air flow rate (kg/h) ±0.125 
CO (%) ±0.1 
CO2 (%) ±0.05 
HC (%) ±0.04 
NO (ppm) ±0.26 
PM (ppm) ±10.0 






As to make the engine test bid successfully integrated with the project vision that cares 
about releasing the amount of emission gases, the gas analyzer ,the smoke meter and the 
particulate meter are connected to the engine exhaust pipe. These three devices have the 
capability to sense the concentration of the emission gases flowing out of the engine as a 
result of the combustion process such as Carbon Monoxide, Carbon Dioxide, Oxygen , 
Hydrocarbons, NOx ,particulate matters and the smoke opacity. The engine experiments 
were performed at heat engines laboratory in Qatar university and two sets of experiments 
were performed. In the first set, the engine load was kept constant at 1N.m and the speed 
was varied. However, in the second set the engine speed was kept constant at 1700 rpm and 
the load was varied. 
3.2    New Induction Manifold Designs 
 
One possible way to increase the engine efficiency, decrease the emission rate and enhance 
the swirl number in diesel engines is to change the induction manifold design .The new 
induction manifolds have spiral and helical shapes with two different design parameters 
configurations inner diameter and outlet port angle which can be varied and is to be set 30° 
in this experiment. They have been 3D designed using Solid Works and manufactured 
using Fused Deposition Modeling (FDM) additive manufacturing technology by UPrint SE 
Plus 3D printer. It has 0.254 layer thickness and 203 x 203 x 152 mm working space. The 
modified intake manifolds prototypes material has been selected from ABS filament which 
has a mechanical strength and thermal resistance properties that can withstand high 
temperature and pressure, however in this experiment it is only used to withstand only low 





section, three different designs for the intake manifold are proposed which have the same 
outlet angle (=   ) and different inner diameters. The selection for     as the manifold 
outlet angle is justified by the reason that it gives the highest turbulence kinetic energy at 
low valve lifts as it was discussed in the literature review chapter. Swirl number which is a 
parameter that is used to characterize the level of swirl depends mainly on geometrical 
factors such as the inner and outer diameter. Also; it depends on the radial velocity as well 
as the entrance velocity. As this parameter is important for design selection, it will be 
calculated for every intake manifold in companion. The equation that is used for 
calculating the swirl number is [61]: 












⌋  tan α                                     Eq. 1 
Where,  
                                              
                                        












First New Induction Manifold  
Figure 38 illustrates the design of the first new engine’s intake manifold where the inlet 
diameter is kept the same as the standard intake manifold,however the outlet angle is varied 
which will make an effect in swirl motion of the incoming air flow,hence this is expected 
to enhance engine performance and reduce its emission rates because of the better mixing 
between fuel and air in the combustion chamber.The swirl number was calculated for this 
intake manifold to be equals to 1.155.  
 
 











Second New Induction Manifold  
Figure 39 illustrates the design of another new induction manifold where the inlet diameter 
is doubled (x2) and the outlet angle is    .The swirl number was calculated for this new 
manifold and was found to be equals to 1.25. 
 
 












Third New Induction Manifold  
Figure 40 illustrates the design of the third new induction manifold where the inlet 
diameter is tribled (x3) and the outlet angle is set to be    .The swirl number was 
calculated for this new manifold and was found to be 1.34. 
 
 









To summarize, Table 8 compares between the normal and the three new manifolds. 
Table 8 














   

















































3.3    Fuels Used 
 
The waste cooking oil was supplied from Qatar university food court campus. Biodiesel 
prepared and characterized by chemical engineering department at 
Qatar university according to the ASTM standards. It was prepared at the lab temperature 
of 25 °C; sodium hydroxide catalyst percentage by weight of waste vegetable oil 0.5-0.6 
%; stirring time 30 minutes and 50% excess of methanol with NaOCH3 were optimum 
conditions..   
The corn oil was prepared manually in the laboratory with very much caution. The corn 
seeds were shelled with a seed mill at first, and then dropped in water to get rid of any 
remaining shell. After that, they were collected and heated on the oven at a temperature of 
300 C for around 30 minutes. The heated corn seeds were then allowed to cool and finally 
boiled in a water container. The resultant corn oil was stored on a container for later use. 
The main physical and chemical properties for those alternative fuels are listed on Table 9, 







Main properties of fuels used 




        
H/C Ratio  2.125 2.1-2.15  1.9-2.0 1.82  
Approx. Formula                                                
Density at 15C (kg/  )  866  760  915 863  
Flash Point (C)  55  77        270 160  
Cetane No.  55  70  37.6   32.5 
Calorific Value (MJ/kg)   44.3 47.3  36.3  42.7 
Viscosity (     ) 5.2 2 45 4.9 
Distillation Temperature (C) 190-200 190 160 316 
 
 
In this experiment, two fuels (Diesel and GTL) are used in the pure form and there are four 
fuels in the blended form. Those fuel blends were prepared at the laboratory in Qatar 
university and their physical and chemical properties were analyzed and determined there 
by chemical specialists. The first fuel blend is the mixture between diesel and GTL with a 
50% to 50% volume composition. This fuel blend will be indicated to by the symbol ‘DG’ 
in Table 18 and in the results chapter. The second fuel blend is the mixture between diesel 





‘DW’. The third fuel blend is the mixture between diesel, GTL and waste cooking oil by an 
equivalent volume percentage in which each fuel contributes to 33.33 % from the fuel 
blend. This fuel blend will be indicated to by the symbol ‘DGW’.  The last fuel blend is the 
mixture between diesel, GTL, corn oil and waste cooking oil by a volume percentage 
composition of 25% for each and will be indicated to by the symbol ‘DGWW’. Table 10 
summarizes the main properties for those fuel blends. 
 
Table 10 
Main properties of used fuel blends 
Property  DG 
 
DW DGW DGWW 
H/C Ratio  2.138 1.973 2.032 2.024 
Density at 15C (kg/  ) 813 865 830 851 
Flash Point (C) 66 108 97.3 141 
Cetane No. 62.5 43.8 52.5 48.8 
Calorific Value (MJ/kg) 45.8 43.5 44.8 42.7 
Viscosity (     ) 3.60 5.05 4.03 14.3 
Distillation Temperature 








3.4   Research Methodology 
 
As this research is based on using alternative induction manifold designs and alternative 
fuels that can replace the standard normal manifold and the conventional Diesel fuel, 
consequently it is expected that the methodology on this project is based on the first place 
in fabricating new manifold designs and preparing those alternative fuels in the laboratory 
for test or bringing them from external resources. 
The engine test bed should be supplied with all measuring devices that will be used on the 
experiments and their connections to the engine must be correct. Some of these devices are 
used for sensing and measuring the emission gases coming out of engine exhaust such as 
the smoke meter, the gas analyzer and the particulate meter. Others are used for sensing the 
engine operating status such as the speed tachometer which is used to detect the speed of 
the engine’s crankshaft. In addition to the speed tachometer, the oscilloscope is connected 
to the engine using a pressure transducer where it can generate waves for the voltage 
against the time. After that, these waves are transformed and plotted as graphs which 
present the value of cylinder inner pressure at each crank angle position using calibration 
equations. 
The new induction manifolds have spiral and helical shapes with two different design 
parameters configurations inner diameter and outlet port angle that is set to be 30°.The 
inner diameter is varied to be doubled (x2) and tripled (x3) and to be used with this new 
outlet angle ( 30 degree). These new manifolds have been 3D designed using Solid Works 
and manufactured using Fused Deposition Modeling (FDM) additive manufacturing 





mm working space. The modified intake manifolds prototypes material has been selected 
from ABS filament which has a mechanical strength and thermal resistance properties. 
Once all induction manifolds are 3D printed, all fuels are prepared and the measuring 
devices are connected to the engine, the experiment can be initiated. Measuring devices 
such as the smoke meter, the gas analyzer are connected to the computer by a USP inlet 
port as their measured data can be viewed on the computer screen using data acquisition 
method. Other measurements such as the fuel (or air) flow rate, the exhaust temperature, 
dynamometer supplied voltage and current can be taken manually. For the oscilloscope, 
waveforms can be saved on the device and then transferred to a flash memory where they 
are transformed into pressure-crank angle waves using Matlab software and built in 
functions on Excel. 
The analysis process for data can then be initiated where the comparison between all 
manifolds as well as used fuels can be made based on the plots and graphs that compare 
between them. Finally, the manifold that caused the most reduction on the engine exhaust 
gases rates and raised its performance the most can be compared with all types of fuels that 














CHAPTER 4. RESULTS AND DISCUSSION 
This chapter expresses the data that was acquired and measured during the 
experimental setup in the form of analytical plots and graphs. These graphs are studied and 
analyzed as they present and compare the differences in performance between the tested 
manifolds and fuels. In addition, this chapter discusses the behavior of these graphs and 
find a relation between interrelated components. Section 4.1 discusses the effect of varying 
induction manifold design on the performance and the emission rates of the engine, 
however in section 4.2 the discussion is about the effect of using different fuel blends in the 
performance and emission criteria. 
4.1    Effect of Induction Manifold Design 
 
This section compares between normal manifold and another three new manifolds. The test 
will involve combustion, performance and emission characteristics using six different types 
of fuels. Also, the test will be performed at two stages. At the first stage, the engine load 
will be kept constant at 1N.m and the engine speed will be varied gradually. However, at 
the second stage, the engine speed will be kept constant at 1700rpm and the engine load 










4.1.1    Combustion Characteristics 
 
1)   P-  Diagram 
 
Figure 41. Pressure vs. crank angle position for normal and new manifolds using GTL fuel 
at a speed=1700rpm and a load =1N.m 
 
The plot of pressure vs. crank angle position is drawn for the range of crank rotation from 
top dead center (360°) to a period after combustion (aTDC) during the expansion stroke 
(390°). While studying the plots, the main emphasis was on the period between the start of 
injection (SOI) and the start of combustion (SOC) and then the peak of the curve achieved 
at SOI and SOC in which both are expressed in terms of crank angle position before the top 
dead center (bTDC) since the top dead center (TDC) is the moment at which the piston 





























Figure 41 compares the pressure rise between the normal manifold and the three new 
manifolds. It is noticed that the pressure rise in case of 3D manifold is the highest. The 
reason behind that can be explained by the fact which emphasizes that increasing the intake 
manifold volume causes the air pressure level in the intake manifold to rise, thus incoming 
air flow into the cylinder will be more pressurized than normal manifold. However, the 
pressure rise in case of 1D and 2D manifold is very close to the normal manifold as the 
intake manifold volume is very much similar [62]. Another reason is that increasing the 
manifold volume enhances the pulsating nature of the intake airflow through manifold. 
This may develop resonances in the airflow at certain speeds, which improve the engine 
















2)   The maximum pressure raise rate (dP-    @ constant load 
  
                                      ( a )                                                                                   ( b ) 
  
                               ( c )                                                                     ( d ) 
  
                              ( e )                                                                     ( f ) 
Figure 42. Dp/d  vs. engine speed  for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-





























































































































































































Figure 42 indicates the maximum pressure raise rate with different engine speeds and 
different fuel blends. In compression ignition engine during combustion process ,fuel is 
injected few degrees (23° bTDC in the engine under study) before top dead center and 
before the starting of combustion, the droplets of fuel injected mix up with air and takes 
heat from the compressed air inside the cylinder and burn when reaches to self-ignition 
temperature of the fuel. During the process of start of injection (SOI) to initiation of 
combustion the significant number of fuel particle accumulated in the engine cylinder and 
if the delay in ignition is longer, then large number of particles burns together and leads to 
rate of pressure rise and dp/dθ is large. In case of shorted delay gradual burning of small 
group of fuel particles leads to small peak for dp/dθ curves. 
It can be noticed from Figure 42 that the maximum pressure raise rate is less when using 
the 1D and 2D manifolds in comparison with the normal manifold as a result of better air-
fuel mixing generated by the swirl motion. In addition, this can be related to the high 
turbulence kinetic energy produced from those manifolds [64]. However, the use of the 3D 
manifold has caused the maximum pressure raise rate to increase as a result of its increased 
volume which has caused the incoming air to be more pressurized [62, 63]. The use of the 
1D and 2D manifolds instead of the normal manifold can decrease the maximum pressure 
raise rate by an average percentage of 7%. However, the use of the 3D manifold has 
decreased the maximum pressure raise rate by about 3%.  
Moreover, it can be also observed that the rate of change in pressure is less in case of using 
GTL fuel as it can be observed in Figure (42 b) because it has the highest cetane number 





c) was found to be effective in decreasing maximum pressure raise rate due to the enhanced 
cetane number of the mixture. However, the addition of waste cooking oil to that blend in 
Figure (42 e) or for diesel fuel alone in Figure (42 d) has caused some reduction in the 
maximum pressure raise rate due its very low cetane number (=32.5). In the same concept, 
the addition of corn oil to the conventional fuels has also decreased the maximum pressure 

















3)   Peak pressure Vs. Engine Speed @ constant load 
  
                                    ( a )                                                                                    ( b ) 
  
                              ( c )                                                                      ( d ) 
  
                                 ( e )                                                                                       ( f ) 
Figure 43. Peak pressure vs. engine speed for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-









































































































































































In a compression ignition engine, the combustion characteristics of the fuel and the engine 
performance and emission depend upon the ignition delay period. The longer the delay 
period, the higher is the rate of combustion and the higher is the resulting pressure rise. The 
rise in pressure inside the cylinder is attributed to the rate of combustion as well as the 
ignition delay period of the fuel, which in turn depends on the cetane index. The higher the 
value of the cetane index of the fuel, the shorter is the ignition delay period. 
Figure 43 demonstrates the variation of the in-cylinder peak pressure with engine speed for 
the six fuel blends. As it can be deduced, the peak pressure decreases with increasing the 
engine speed because as the engine speed increases, the mass flow rate of air increases 
which causes faster and better mixing between fuel and air leading to a faster combustion. 
Also, it is clear that there is only a slight reduction in the pressure when using the 1D and 
2D new manifolds instead of the normal manifold, which indicates that ignition delay is 
less and hence the in-cylinder peak pressure is reduced. However, the use of the 3D 
manifold has caused the in-cylinder peak pressure to increase as a result of its increased 
volume which has caused the incoming air to be more pressurized [62, 63]. The use of the 
1D and 2D manifolds instead of the normal manifold can decrease the maximum cylinder 
pressure by an average percentage of 10%. However the use of the 3D manifold can result 
in 7% increment of in-cylinder peak pressure. 
The values of peak pressure at different engine speeds were the lowest when using GTL 
fuel as it has the highest cetane number (=70) which causes shorter ignition delay and less 
peak pressure as shown in Figure (43 b).Also, Diesel and GTL fuel blend is considered to 





use of pure diesel as Figure (43c) indicates. The cetane number was measured for this 
blend to be equals to 62.5 which is considered to be high with respect to other used fuel 
blends. 
The waste cooking oil which has a very low cetane number (= 32.5)caused the pressure rise 
in the cylinder to be higher when it was blended with diesel and GTL as shown in Figure 
(43 d) and Figure (43 e) . The cetane number was measured for those fuel blends to be 43.8 
and 52.5 respectively. The use of corn oil in companion with waste cooking oil in one fuel 
blend which is the case in Figure (43 f) has further increased the pressure rise in the 















2)   The maximum pressure raise rate (dP-    @ constant speed 
  
                             ( a )                                                                      ( b ) 
  
                             ( c )                                                                      ( d ) 
  
                            ( e )                                                                      ( f ) 
Figure 44. Dp/d  vs. engine Load  for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-
























































































































































































A higher value for dp/dθ means that there is longer delay period and less efficient engine 
combustion. It can be observed from Figure 44 that the rate of change in pressure with 
respect to the change in crank angle is less when using the 1D and 2D manifold in 
comparison with the normal manifold as a result of better air-fuel mixing generated by the 
swirl motion. However, the use of the 3D manifold has caused the maximum pressure rise 
rate to increase slightly because of the more air pressure which results due to its increased 
volume [62, 63].  The use of the 1D and 2D manifolds instead of the normal manifold can 
decrease the maximum pressure raise rate by an average percentage of 5%. However, the 
use of the 3D manifold can result in 3% decrement of in-cylinder peak pressure  
The maximum pressure raise rate is found to be less when GTL fuel is added to diesel fuel 
in one fuel blend as Figure (44 c) demonstrates. This can be related to the higher cetane 
number (=62.5) that results when using GTL with diesel in one fuel blend rather than using 
it purely (cetane number = 55 for diesel fuel).The use of waste cooking oil in fuel blends is 
not favorable for reducing the maximum pressure raise rate as it has a very low cetane 
number (= 32.5) which causes the maximum pressure raise rate in the cylinder to be higher 
as shown in Figure (44 d) and Figure (44 e).The use of corn oil in companion with waste 
cooking oil in one fuel blend with the conventional fuels which is the case of Figure (44 f) 
has further increased the maximum pressure raise rate in the cylinder as the corn oil has 








3)   Peak pressure Vs. Engine Load @ constant speed 
  
                             ( a )                                                                    ( b ) 
    
                            ( c )                                                                     ( d ) 
  
                            ( e )                                                                     ( f )                           
Figure 45. Peak pressure vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-





































































































































































Figure 45 demonstrates the variation of the in-cylinder peak pressure with load for six 
different types of fuels. As it can be observed, the peak pressure increases with increasing 
the engine load. The reason behind that is that the mixing charge becomes richer at higher 
engine loads resulting in more fuel burning; consequently the in-cylinder temperature and 
pressure both become higher. 
Also, it is clear that using the 1D and 2D manifold causes the peak pressure to be reduced 
more in comparison with normal manifold because of the better mixing generated as the 
result of the swirl motion which enhanced the combustion characteristics. However, the 
peak pressure was higher when using the 3D manifold because of the much more material 
(or volume) addition in comparison with the normal manifold design. The use of the 1D 
and 2D manifolds instead of the normal manifold can decrease the maximum cylinder 
pressure by an average percentage of 5% and 8% respectively. However, the use of the 3D 
manifold can result in 1% decrement of in-cylinder peak pressure. 
Further notice is that a lower peak pressure is expected when using a fuel with a higher 
cetane number and this was the case in Figure (45 b) as the GTL fuel has the highest cetane 
number (=70) amongst other fuels which causes the ignition delay period to be less. The 
use of GTL fuel with diesel fuel in one fuel blend has also resulted in a reduction in the 
maximum in-cylinder pressure as can be shown in Figure (45 c).The reason behind that can 
be related to the higher cetane number of diesel-GTL fuel blend compared to pure diesel 
fuel which has decreased the ignition delay period resulting in a reduction of the amount of 





this blend to be equal to 62.5 which is considered to be higher than the cetane number of 
other used fuel blends. 
The waste cooking oil which has a very low cetane number (= 32.5)caused the pressure rise 
in the cylinder to be higher when it was blended with diesel and GTL as shown in Figure 
(45 d) and Figure (45 e) in which the cetane number was measured for those fuel blends to 
be 43.8 and 52.5 respectively. The use of corn oil in companion with waste cooking oil in 
one fuel blend with the conventional fuels which is the case of Figure (45 f) has further 
increased the pressure rise in the cylinder as the corn oil has also a low cetane number 
(=37.6) . 
Also, the high calorific value of GTL fuel (=47.3 MJ/kg) has resulted in better engine 
combustion characteristics in terms of in-cylinder peak pressure and the maximum in-
cylinder pressure rise rate in comparison to other used fuels which have lower calorific 
values. The calorific value for diesel fuel equals to 44.3 MJ/kg, for waste cooking oil 
equals to 36.3 MJ/kg and for corn oil equals to 42.7 MJ/kg. 
Furthermore, GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to 
other used fuel blends. The kinematic viscosity was measured for other fuels at STP and 
was found to be equals to 5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 
45   /s for corn oil. The very high viscosity of corn oil explains why the maximum 
cylinder pressure readings were the highest in Figure (45 f).As the fuel is less viscous, the 
fuel droplets become smaller which enhance the air-fuel mixing and thus enhances the 





4.1.2    Engine Performance 
 
1)  Brake Specific Fuel Consumption @ constant load  
   
                             ( a )                                                                    ( b )  
   
                            ( c )                                                                     ( d ) 
   
                             ( e )                                                                    ( f ) 
Figure 46. Brake specific fuel consumption vs. engine speed for :(a) diesel fuel ,(b)GTL 
fuel ,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking 





























































































































































Figure 46 shows the relation between brake specific fuel consumption with respect to 
engine speed for six different types of fuel. Bsfc is an indication of the quality of air-fuel 
mixing and the rate of fuel consumption. It can be seen that there is a slight improvement in 
engine fuel consumption with the use of the 1D and 2D manifolds. This enhancement in 
bsfc can be seen for most of the cases above .This enhancement in bsfc indicates that the 
use of 1D and 2D manifolds can enhance the quality of air-fuel mixing which results in 
better combustion and less fuel consumption. However, the use of the 3D manifold does 
not give lower bsfc readings than the normal manifold.  Main reason for that is the increase 
in the intake manifold pressure. Due to this increase, more air entered into the cylinder in 
such a way that the relative air ratio causes more fuel consumption [62]. The use of the 1D 
and 2D manifolds is better in reducing the brake specific fuel consumption by an average 
percentage of 5% and 7% respectively at a constant engine load. However the use of the 
3D manifold can result in 8% increment of bsfc. 
The high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in less fuel consumption 
as shown in Figure (46 b) in comparison to other used fuels which have lower calorific 
values. The calorific value for diesel fuel equals to 44.3 MJ/kg, for waste cooking oil 
equals to 36.3 MJ/kg and for corn oil equals to 42.7 MJ/kg. As the fuel calorific value 
becomes higher, less amount of fuel has to be burned in order to produce the same amount 
of combustion energy and thus more fuel is saved. 
Furthermore, GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to 
other used fuel blends which has resulted in lower fuel consumption rates. The kinematic 





diesel fuel, 4.9   /s for waste cooking oil and 45   /s for corn oil. The very high 
viscosity of corn oil explains why the brake specific fuel consumption readings were the 
highest in Figure (46 f).As the fuel is less viscous, the fuel droplets become smaller which 






















2)   Volumetric Efficiency @ constant load 
   
                              ( a )                                                                    ( b ) 
   
                              ( c )                                                                    ( d ) 
   
                              ( e )                                                                     ( f )  
Figure 47. Volumetric efficiency vs. engine speed for :(a) diesel fuel ,(b)GTL fuel 
,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil 







































































































































































































Volumetric efficiency is a measure of how good the engine is at receiving in air, and 
anything that reduces the flow of air into the engine will lower the volumetric efficiency. 
The two biggest reasons for poor volumetric efficiency at high engine speeds are frictional 
flow losses and choked flow. As it can be noticed in Figure 47, the volumetric efficiency 
readings for the 1D manifold are almost similar or higher than the normal manifold in most 
of the cases due to the pulsating behavior that is developed with the increase in length and 
volume of the induction manifold.  However, the use of the 2D and 3D manifolds has 
resulted in lower volumetric efficiency. This can be referred to the high reduction in 
volumetric efficiency when using those new manifolds due to their high air flow resistance. 
The use of 1D manifold instead of the normal manifold can enhance the volumetric 
efficiency by an average percentage of 10 %. However the use of the 2D and 3D manifolds 
can result in 10% and 3% decrement in volumetric efficiency respectively. 
 The use of waste cooking oil and corn oil in fuel blends is found to be effective for 
increasing the engine volumetric efficiency. This can be referred to the high oxygen 
content inherited in the waste cooking oil and corn oil in comparison to conventional fuels 
diesel and GTL. Consequently, less amount of air needed to initiate the combustion and the 
volumetric efficiency reading gets higher as it can be shown in Figure (47 d) through 









3)   Exhaust Temperature @ constant load 
  
                            ( a )                                                                    ( b ) 
   
                             ( c )                                                                    ( d ) 
   
                             ( e )                                                                     ( f ) 
Figure 48. Exhaust temperature vs. engine speed for:(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 
























































































































Figure 48 depicts the variation of exhaust gas temperature for the normal manifold and the 
three new manifolds for different fuels and engine speeds. Exhaust gas temperature 
indicates that the heat in the cylinder is converted into work. It is also an indication of the 
complete combustion inside the cylinder. At various speed conditions, it is observed that 
the exhaust gas temperature increases with speed because the mixing charge becomes 
richer with speed which causes more fuel to be burned. As noticed, the exhaust gas 
temperature is slightly higher for the 1D manifold and the 3D manifold in most of the cases 
which indicates that the new manifolds do enhance the mixing quality and generate 
combustion that is more complete. The use of the 1D and 3D manifolds instead of the 
normal manifold can increase the exhaust gas temperature by an average percentage of 
12% and 6% respectively. However the use of the 2D manifold can result in 7% decrement 
in the exhaust temperature. 
GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to other used fuel 
blends and this has raised the air-fuel mixing quality and resulted in a more complete 
combustion and higher exhaust temperature reading as noticed in Figure (48 b). The 
kinematic viscosity was measured for other fuels at STP and was found to be equals to 
5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 45   /s for corn oil. The 
very high viscosity of corn oil explains why the exhaust temperature readings were the 
highest in Figure (48 f).However, the use of other fuel blends that has almost a similar 
viscosity to diesel fuel has given very close exhaust temperature readings to it as it can be 





Also, the high calorific value of GTL fuel (=47.3 MJ/kg) has resulted in better engine 
combustion and higher exhaust temperature readings in comparison to other used fuels 
which have lower calorific values. The calorific value for diesel fuel equals to 44.3 MJ/kg, 



















1)   Brake Specific Fuel Consumption @ constant speed 
  
                            ( a )                                                                          ( b ) 
   
                                 ( c )                                                                                         ( d )  
   
                            ( e )                                                                        ( f )  
Figure 49. Brake specific fuel consumption vs. engine load for :(a) diesel fuel ,(b)GTL fuel 
,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil 























































































































































The bsfc is a measure of engine efficiency and it indicates for a less fuel consumption as it 
decreases more. In fact, bsfc and engine brake thermal efficiency are inversely related, so 
that the lower the bsfc the higher is the thermal efficiency of the engine. The variation of 
brake specific fuel consumption at different loads for the normal manifold and the three 
new manifolds is shown in Figure 49. It can be seen that there is a slight improvement in 
engine fuel consumption with the use of the 1D manifold in most of the cases. This 
enhancement in bsfc indicates that the use of 1D manifold can enhance the quality of air-
fuel mixing which results in better combustion and less fuel consumption. It is also 
observed that the use of the 2D manifold gives slightly higher bsfc which indicates that it 
can also give good air-fuel mixing and results in low fuel consumption. However, the use 
of the 3D manifold was found to cause low quality combustion and high fuel consumption. 
The use of the 1D instead of the normal manifold can reduce the brake specific fuel 
consumption by an average percentage of 5%. However the use of 2D and 3D manifolds 
can result in 21% and 28% increment in bsfc. 
The high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in less fuel consumption 
as shown in Figure (49 b) in comparison to other used fuels which has lower calorific 
value. The calorific value for diesel fuel equals to 44.3 MJ/kg, for waste cooking oil equals 
to 36.3 MJ/kg and for corn oil equals to 42.7 MJ/kg. As the fuel calorific value becomes 
higher, less amount of fuel has to be burned in order to produce the same amount of 
combustion energy. 
Furthermore, GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to 
other used fuel blends which has resulted in lower fuel consumption rates. The kinematic 





diesel fuel, 4.9   /s for waste cooking oil and 45   /s for corn oil. The very high 
viscosity of corn oil explains why the brake specific fuel consumption readings were the 
highest in Figure (49 f).As the fuel is less viscous, the fuel droplets become smaller which 
























2)   Volumetric Efficiency@ constant speed 
   
                            ( a )                                                                        ( b ) 
   
                           ( c )                                                                         ( d )  
   
                            ( e )                                                                       ( f )  
Figure 50. Volumetric efficiency vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 



























































































































































































As it can be noticed in Figure 50 that the volumetric efficiency readings for the 1D 
manifold are almost similar or higher than the normal manifold in most of the cases due to 
the pulsating behavior that is developed with the increase in length and volume of the 
induction manifold.  However, the use of the 2D and 3D manifolds has resulted in lower 
volumetric efficiency. This can be referred to the high reduction in volumetric efficiency 
when using those new manifolds due to their high air flow resistance. The use of 1D 
manifold instead of the normal manifold can enhance the volumetric efficiency by an 
average percentage of 4%. However the use of the 2D and 3D manifolds can result in 11% 
and 8% decrement in volumetric efficiency respectively.  
It can be also observed that the volumetric efficiency readings in Figure (50 e) and Figure 
(50 f) are the highest .The most probable reason for that is the high oxygen content 
inherited in the waste cooking oil and corn oil, thus less amount of air needed to initiate the 
combustion and the volumetric efficiency readings get higher in comparison to 
conventional fuels diesel and GTL that are poor of oxygen content as shown in Figure (50 











3)   Exhaust Temperature @ constant speed 
  
                              ( a )                                                                     ( b ) 
  
                             ( c )                                                                       ( d )  
   
                            ( e )                                                                         ( f )  
Figure 51. Exhaust temperature vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 





























































































































Figure 51 depicts the variation of exhaust gas temperature for the normal manifold and the 
three new manifolds at different engine loads and using different types of fuels. Exhaust 
gas temperature indicates that the heat in the cylinder is converted into work. At various 
load conditions, it is observed that the exhaust gas temperature increases with load because 
more fuel is burnt to meet the power requirement. As it can be noticed from Figure 51 that 
the exhaust gas temperature is higher for the 1D manifold and the 3D manifold in most of 
the cases which indicates that the new manifolds do enhance the mixing quality and 
generate combustion that is more complete. The use of the 1D and 3D manifolds instead of 
the normal manifold can increase the exhaust gas temperature by an average percentage of 
7%. However the use of the 2D manifold can result in 11% decrement in the exhaust 
temperature. 
GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to other used fuel 
blends and this has raised the air-fuel mixing quality and resulted in a more complete 
combustion and higher exhaust reading as noticed in Figure (51 b) and also when it was 
blended with diesel fuel in Figure (51 c). The kinematic viscosity was measured for other 
fuels at STP and was found to be equals to 5.2   /s for diesel fuel, 4.9   /s for waste 
cooking oil and 45   /s for corn oil. The very high viscosity of corn oil explains why the 
exhaust temperature readings were the highest in Figure (51 f).However, the use of other 
fuel blends that has almost a similar viscosity to diesel fuel has given very close exhaust 
temperature readings to it as it can be noticed from Figure (51 d) and Figure (51 e). 
Also, the high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in better engine 





which have lower calorific values. The calorific value for diesel fuel equals to 44.3 MJ/kg, 




















4.1.3    Engine Emissions 
 
1)     Carbon Monoxide @constant load  
    
                            ( a )                                                                    ( b )  
    
                            ( c )                                                                     ( d )  
   
                            ( e )                                                                    ( f )  
Figure 52. Carbon monoxide vs. engine speed for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 


































































































































Carbon monoxide occurs only in the engine exhaust and it is resulted as the product of 
incomplete combustion. Higher CO emission rates are expected at higher engine speeds as 
the air-fuel mixture becomes richer and the air to fuel ratio decreases more [65]. Moreover, 
at higher engine speeds there will be less time available for air-fuel mixing and an 
increased quantity of injected fuel which further increases CO emission. As noticed in 
Figure 52, the use of 1D manifold has decreased carbon monoxide emission in most of the 
cases which indicates that it gives a better air-fuel mixing and results in a more complete 
combustion as a result of swirl motion and the high TKE that enhances the quality of air-
fuel mixing. However, the use of 2D and 3D manifolds has reduced CO emission rates only 
at low engine speeds but was found not to be effective at higher engine speeds where it has 
increased CO emission rates more than the normal manifold.  
Also, it can be clearly noticed that the CO emission rates are the lowest in Figure (52 b) 
and Figure (52 e).In Figure (52b), the use of GTL fuel which has the highest cetane number 
(=70) amongst other used fuels has resulted in better combustion characteristics and a more 
complete combustion. Also, GTL low viscosity played a major role in enhancing the air-
fuel mixing which has resulted in a higher quality of air-fuel mixing and thus less CO 
emission. The use of 1D manifold instead of normal manifold can decrease the carbon 
monoxide emission by an average percentage of 12%. However the use of 2D and 3D 
manifolds can result in 31% and 38% increment of CO emission at low engine speeds. 
The use of diesel - GTL - waste cooking oil fuel blend in Figure (52 e) was also found to be 
effective in decreasing CO emission. The reason behind that can be referred to the high 





available in the air-fuel mixture and the charge becomes leaner. Consequently, CO 
emission rate decreases. Also, the addition of waste cooking oil to pure diesel in a 50 to 50 
volume percentage has recorded a remarkable reduction in CO as Figure (52 d) indicates. 
Although the corn oil has high oxygen content, however its very high viscosity has affected 
the mixing quality more and a poor air-fuel mixing was obtained. This fact interprets why 






















2)     Carbon Dioxide @constant load  
   
                           ( a )                                                                     ( b ) 
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Figure 53. Carbon dioxide vs. engine speed for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-















































































































































The production of carbon dioxide in the exhaust tailpipe is a function of Hydrogen to 
Carbon ratio of the fuel and it depends also on the chemical conversion of CO into    .It 
can be clearly noticed in all the graphs that    is increasing as the engine speed increases. 
The reason behind that is that the equivalence ratio is getting more as the engine speed 
increases, thus a greater amount of CO is allowed to convert into    .[66] 
As noticed in Figure 53, the use of 1D manifold has decreased carbon dioxide emission in 
most of the cases which indicates that it gives a better air-fuel mixing and results in a more 
complete combustion as a result of swirl motion and the high TKE that enhances the 
quality of air-fuel mixing. However, the use of 2D and 3D manifolds was found not to be 
effective in decreasing     emission rates which indicates that it results in a lower air-fuel 
mixing quality. This can be referred to the increased volume of the intake manifold in 
which the incoming air becomes more pressurized and consumes a higher amount of fuel to 
match the required equivalence ratio, hence the mixture becomes richer and more CO and 
    are produced in the exhaust [62, 63]. The use of 1D manifold instead of normal 
manifold can decrease the carbon dioxide emission by an average percentage of 18% at a 
constant engine load. However the use of 2D and 3D manifolds can result in 10% and 9% 
increment of    emission. 
The use of diesel and GTL in the pure as in Figure (53 a) and Figure (53 b) or in the 
blended form as in Figure (53 c) has resulted in moderate     emission rates as they have a 
high Hydrogen to Carbon ratio (=2.125 for diesel and 2.15 for GTL). However, the 





to that fuel blend in Figure (53 f) has resulted in more reduction of     emission as those 
biofuels have a high amount of oxygen content inherited in their molecules. Further notice 
that the use of waste cooking oil with diesel in one fuel blend is also found to be effective 






















3)     Hydrocarbons @constant load 
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Figure 54. Hydrocarbons emission vs. engine speed for :(a) diesel fuel ,(b)GTL fuel 
,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil 














































































































































Figure 54 demonstrates the relation between unburned hydrocarbon concentrations with 
speed increment for six different types of fuels. Unburned HC results mainly because of 
incomplete combustion of fuel and air and from mixtures that are too lean to combust. One 
more source for HC formation is when HC becomes in a direct contact with the walls of the 
combustion chamber and becomes quenched, more specifically during the cold start period.  
It can be observed from Figure 54 that the use of 1D manifold has decreased CO emission 
in most of the cases. This can be related to the better air-fuel mixing generated as a result 
of the swirl motion which caused the combustion to be more complete. However, the use of 
2D and 3D manifolds was found not to be effective in decreasing HC emission. This 
conclusion indicates that the use of 2D and 3D manifolds causes the mixing charge to be 
too lean for combustion and thus more HC is produced at a constant engine load operation. 
The use of 1D manifold instead of normal manifold can decrease hydrocarbon emission by 
an average percentage of 19%. However the use of 2D and 3D manifolds can result in 44% 
and 68% increment in HC emission. 
It can be clearly noticed that the use of diesel-waste cooking fuel blend in Figure (54 d) is 
found to be effective at low engine speeds due to the high distillation temperature of waste 
cooking oil (around 318 C) which results in less volatile fuel blend ,thus less amount of 
fuel droplets are quenched and HC emission is reduced.  
The very low viscosity of GTL fuel in Figure (54 b) in comparison to other used fuels 
caused the HC emission to be higher because HC results from fuel that over penetrates and 
wets the cylinder walls during the ignition delay period .As the fuel is less viscous; it is 





diesel-GTL fuel blend in Figure (54 c) has decreased HC emission by a considerable 
amount. This may be referred to the improved cetane number of the mixture where less 
amount of fuel penetrates the cylinder walls due to the shortened ignition delay period. 
However, the addition of waste cooking oil to this blend in Figure (54 e) was found to be 
very effective in reducing HC emission due to the improved distillation temperature of the 
mixture, thus less amount of fuel is quenched during the engine early operation.  
Nevertheless, the addition of corn oil to that blend in Figure (54 f) has raised HC emission 
in comparison to diesel fuel because of its very high viscosity leading to a more incomplete 
combustion and thus more HC emission. In addition to that, the corn oil has a very low 
distillation temperature (=160 C) which causes more evaporation of fuel during the cold 













4)     Nitric Oxide @constant load 
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Figure 55. Nitric oxide emission vs. engine speed for :(a) diesel fuel ,(b)GTL fuel 
,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil 












































































































































Nitric oxide (NO) is formed during the combustion of oil by two mechanisms; high-
temperature thermal fixation of molecular oxygen (O2) and nitrogen (N2) present in the 
combustion air and, second, reaction of atmospheric oxygen with nitrogen-containing 
compounds in the fuel.NO is the major component in the NOx emission that is why the 
focus is mainly about it .As the engine operates at higher speed, NO emission becomes 
lower. The reason behind that is that the flame temperature decreases with more engine 
speed which results in less NO emission. 
It can be noticed from Figure 55 that the use of 1D and 2D manifolds has decreased NO 
emission in most of the cases. This can be related to the lower in-cylinder peak pressure 
and maximum pressure raise rate which is obtained when using the 1D and 2D manifolds. 
Consequently, both the ignition delay period and the flame temperature are less. However, 
the use of 3D manifold was found not to be effective in decreasing NO emission as the 
ignition delay period and the flame temperatures are higher due to its increased volume 
which has resulted in more cylinder pressure [62]. The use of 1D and 2D manifolds instead 
of normal manifold can decrease Nitric oxide emission by an average percentage of 32% 
and 43% respectively. However the use of the 3D manifold can result in 41% increment of 
NO emission. 
The values of NO emission at different engine speeds were lowest when using GTL fuel as 
it has the highest cetane number (=70) which causes shorter ignition delay and less peak 
pressure as shown in Figure (55 b).Also, diesel and GTL fuel blend is considered to be a 





pure diesel as Figure (55 c) indicates. The cetane number was measured for this blend to be 
equals to 62.5 which is considered to be high with respect to other used fuel blends. 
The waste cooking oil which has a very low cetane number (= 32.5) caused the NO 
emission to be higher when it was blended with diesel and GTL as shown in Figure (55 d) 
and Figure (55 e) in which the cetane number was measured for those fuel blends to be 
43.8 and 52.5 respectively. In the same principle, the addition of corn oil to the 
aforementioned fuel blend in Figure (55 f) has also resulted in higher NO emission rates 















5)     Total Particulate Matters @constant load 
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Figure 56. Particulate emission vs. engine speed for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 




































































































































































Incomplete combustion is the main reason of the particulate matters emission in diesel 
engine. Particulate matters are formed mainly in the fuel rich regions during the diffusion 
burning period. As it can be noticed in Figure 56, the total amount of different size particles 
detected in the engine exhaust decreases with increasing engine speed. The reason behind 
that is that better turbulence effect is obtained at higher engine speeds in which the extent 
of complete combustion is improved [67].  
It can be observed from Figure 56 that the use of 1D manifold has decreased CO emission 
in almost every case. This can be related to the high TKE generated as a result of using a 
helical and spiral inner diameter and varying the outlet angle to be     instead of zero as it 
is in the  standard normal manifold. For the same reason, it was figured out that the use of 
2D and 3D manifolds was found to be effective in decreasing PM emission but with fewer 
amounts than the 1D manifold. This conclusion indicates that the use of 1D manifold is 
more preferable than the use of 2D and 3D manifolds for decreasing PM emission as it 
gives higher TKE. The use of the 1D manifold can decrease the PM emission by an 
average percentage of 15% and the use of 2D and 3D manifolds can also decrease the PM 
emission by an average percentage of 8% at a constant engine load. 
Also, it can be observed that using pure GTL fuel as in Figure (56 b) or mixing it with 
diesel in one fuel blend as in Figure (56 c) can highly decrease the PM  emission as it has a 
very low –sulfur and aromatics content in comparison to diesel fuel. The addition of a 
biofuel like the corn oil or using waste cooking oil in fuel blends with the conventional 
fuels (diesel and GTL) is considered to be a good solution for decreasing PM emission as 
those alternative fuel blends contains less amount of sulfur, thus less amount of PM are 





6)     Smoke Number @constant load 
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Figure 57. Smoke emission vs. engine speed for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 












































































































































The black smoke produced by a fuel is composed of carbon particles released by the 
thermal cracking of the large hydrocarbon fuel molecules. This process occurs on the rich 
side of the flame front during the diffusion combustion phase as the PM does. Also, Smoke 
production is increased at elevated temperatures and this explains why the smoke 
production in Figure 57 increases with engine speed. Another possible reason is that higher 
engine speeds lead to a shorter residence time of gases in the combustion chamber. 
As observed in Figure 57, the use of 1D manifold has recorded lower readings for the 
smoke emission in comparison with the normal manifold. This can be referred to the 
increase in volumetric efficiency that is caused when using the 1D manifold, thus the 
mixing charge becomes leaner and less amount of smoke can be detected in the exhaust. 
However, the use of 2D and 3D manifolds was not effective in decreasing smoke 
production rates as those manifolds can result in lower volumetric efficiencies than the 
normal manifold. The use of the 1D manifold can decrease the smoke concentration by an 
average percentage of 5%. However the use of 2D and 3D manifold can result in 2% and 
4% increment in smoke concentration. 
The use of waste cooking oil and corn oil in one fuel blend with conventional fuels (diesel 
and GTL) as in Figure (57 d) through Figure (57 f) has decreased the smoke production 
slightly. The reason behind can be referred to their high oxygen content which plays a 
major role in reducing soot formation and in soot oxidation [68].Vice versa, the use of 
conventional fuels has given almost similar smoke readings as can be shown in Figure (57 






1)     Carbon Monoxide @constant speed 
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Figure 58. Carbon monoxide vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 

























































































































Carbon monoxide occurs only in the engine exhaust and it results as the product of 
incomplete combustion. Generally CO emission increases with increasing the load because 
CO is produced from burning rich air-fuel mixture. At a constant speed engine, the air flow 
rate is kept constant, however the fuel amount is increasing with load and thus the mixing 
charge becomes richer. As noticed in Figure 58, the use of 1D and 2D manifolds has 
decreased carbon monoxide emission in most of the cases which indicates that it gives a 
better air-fuel mixing and results in a more complete combustion as a result of swirl motion 
and the high TKE that enhances the quality of air-fuel mixing. However, the use of the 3D 
manifold has almost given similar readings or slightly less than the normal manifold .This 
can be referred to the large increment in the manifold volume which played a major role in 
weakening the TKE which results in less complete combustion. The use of 1D and 2D 
manifolds instead of normal manifold can decrease the carbon monoxide emission by an 
average percentage of 48% and 21% at a constant engine speed operation. However the use 
of 3D manifold can result in 17% increment of CO emission. 
 
Also, it can be clearly noticed that the CO emission rates are the lowest in Figure (58 e) 
and Figure (58 f). The reason behind that can be referred to the high oxygen content that is 
inherited in waste cooking oil and corn oil molecules, thus more oxygen is available in the 
air-fuel mixture and the charge becomes leaner. Consequently, CO emission rate decreases. 
In the same principle, the use of diesel with waste cooking oil in one fuel blend as in Figure 
(58 d) was also found to be effective in decreasing CO emission. However, the use of 
conventional fuels (diesel and GTL) alone without the biofuels has resulted in higher CO 





2)     Carbon Dioxide @constant speed 
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Figure 59. Carbon dioxide vs. engine load for: (a) diesel fuel, (b) GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-





































































































































Figure 59 depicts the relation between Carbon Dioxide emission rates with load increment 
for six different types of fuel at a constant engine speed operation. It can be clearly noticed 
in all the graphs that    readings are increasing as the engine load increases. The reason 
behind that is that the mixing charge becomes richer as the load increases which allows for 
more CO and      to be produced in the exhaust.  
As noticed in Figure 59, the use of 1D and 2D manifolds has decreased carbon dioxide 
emission in most of the cases which indicates that it gives a better air-fuel mixing and 
results in a more complete combustion as a result of swirl motion and the high TKE that 
enhances the quality of air-fuel mixing. Also, it is essential to note that the use of 1D 
manifold has decreased the       emission rates more than the 2D manifold which proves 
that the 1D manifold gives higher TKE and leads to a more complete combustion than the 
2D manifold. However, the use of the 3D manifold has given almost similar or higher 
amount of     . This can be referred to the increased volume of the intake manifold in 
which the incoming air becomes more pressurized and consumes a higher amount of fuel to 
match the required equivalence ratio, hence the mixture becomes richer and more CO and 
     are produced in the exhaust [62, 63]. The use of 1D and 2D manifold instead of 
normal manifold can decrease the carbon dioxide emission by an average percentage of 
19% and 7% respectively at a constant engine speed operation. However the use of 3D 
manifold can result in 31% increment of    emission. 
The use of diesel and GTL in the pure form has resulted in high     emission rates as they 
have low oxygen content in their chemical structure as can be shown in Figure (59 a) 





in Figure (59 e) and further corn oil to that blend in Figure (59 f) has resulted in a high 
reduction of     emission as those biofuels have a high amount of oxygen content 
inherited in their molecules. In the same principle, it was expected that the addition of 
waste cooking oil to diesel has reduced     emission rate more than using pure diesel as 























3)     Hydrocarbons @constant speed 
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Figure 60. Hydrocarbons emission Vs. engine load for :(a) diesel fuel ,(b)GTL fuel 
,(c)diesel-GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil 















































































































































Hydrocarbon emissions arise on the one hand from HC that are too lean to combust, and on 
the other from fuel that over penetrates and wets the cylinder wall during the ignition delay 
period. It can be observed in Figure 60 that the use of 1D and 2D manifolds has decreased 
CO emission in most of the cases. This can be related to the better air-fuel mixing 
generated as a result of the swirl motion which caused the combustion to be more 
complete. However, the use 3D manifold has given almost similar readings for HC 
emission or slightly less than the normal manifold. This conclusion proves that the use of 
the new induction manifolds is effective in obtaining more complete combustion and less 
HC emission rates. The use of 1D and 2D manifolds instead of normal manifold can 
decrease hydrocarbon emission by an average percentage of 52% and 61% respectively. 
However the use of 3D manifold can result in 20% increment in HC emission. 
It can be clearly noticed that the use of diesel-waste cooking fuel blend in Figure (60 d) has 
resulted in the lowest HC readings. The reason behind that is the high distillation 
temperature of waste cooking oil (around 318 C) which results in less volatile fuel blend 
,thus less amount of fuel droplets are quenched during the cold start period and HC 
emission is reduced.  
The very low viscosity of GTL fuel in comparison to other used fuels caused the HC 
emission to be higher in Figure (60 b) because HC results from fuel that over penetrates 
and wets the cylinder walls during the ignition delay period .As the fuel is less viscous; it is 
more able to penetrate the cylinder walls and thus results in more HC emission. However, 





may be referred to the improved cetane number of the mixture where less amount of fuel 
penetrates the cylinder walls due to the shortened ignition delay period.  
The addition of waste cooking oil to this blend in Figure (60 e) was found to be very 
effective in reducing HC emission due to the improved distillation temperature of the 
mixture, thus less amount of fuel is quenched during the engine early operation. 
Nevertheless, the addition of corn oil to that blend has raised HC emission significantly in 
comparison to diesel fuel because of its very high viscosity leading to a more incomplete 
combustion and thus more HC emission. In addition to that, the corn oil has a very low 
distillation temperature (=160 C) which causes more evaporation of fuel during the cold 














4)     Nitric Oxide @constant speed 
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Figure 61. Nitric oxide emission vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 






































































































































Figure 61 depicts the relation between the emission of Nitric oxide and engine load. NOx 
results from reaction of nitrogen and oxides at relatively high temperature. NO is the major 
component in the NOx emission that is why the focus is mainly about it .As the engine 
operates at higher loads, NO emission becomes higher. The reason behind that is that the 
flame temperature gets higher with more engine load which results in more NO emission. 
It can be noticed from Figure 61 that the use of 1D and 2D manifolds has decreased NO 
emission in most of the cases. This may be related to the lower in-cylinder peak pressure 
and maximum pressure raise rate which is obtained when using those manifolds. 
Consequently, both the ignition delay period and the flame temperature are less. However, 
the use of the 3D manifold has given almost similar or slightly less readings as it causes 
more in-cylinder peak pressure and thus higher flame temperatures. The use of 1D and 2D 
manifolds instead of normal manifold can decrease Nitric oxide emission by an average 
percentage of 32% and 35% respectively. However the use of the 3D manifold can result in 
10% increment of NO emission. 
The values of NO emission at different engine speeds were lowest when using GTL fuel as 
it has the highest cetane number (=70) which causes shorter ignition delay and less peak 
pressure as shown in Figure (61 b).Also, diesel and GTL fuel blend is considered to be a 
good solution for reducing NO emission in the cylinder when compared with the use of 
pure diesel as Figure (61 c) indicates. The cetane number was measured for this blend to be 
equals to 62.5 which is considered to be high with respect to other used fuel blends. 
The waste cooking oil which has a very low cetane number (= 32.5) caused the NO 





and Figure (61 e) in which the cetane number was measured for those fuel blends to be 
43.8 and 52.5 respectively. The addition of corn oil further to that blend has decreased NO 




















5)     Total Particulate Matters @constant speed 
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Figure 62. Particulate emission vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-
GTL blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) 
































































































































































Figure 62 demonstrates the relation between particulate matters emission and engine load 
for six different types of fuels. PM is formed mainly in the fuel rich regions during the 
combustion period. Thus, as the load increases more the mixing charge becomes richer and 
a higher amount of PM is allowed to be emitted. Also, PM is produced from combustion 
that is incomplete. It can be observed from Figure 62 that the use of 1D manifold can 
decrease the PM emission more than the use of normal manifold. This can be referred to 
the swirl motion caused by the use of 1D manifold which enhances the air-fuel mixing 
quality and generates a high TKE. However, the use of 2D and 3D manifolds was found 
not to be effective due to increased volume of the intake manifold which causes the 
incoming air to be more pressurized and tends to demote the air-fuel mixing quality [62, 
63]. The use of the 1D and 2D manifolds can decrease PM emission by an average 
percentage of 5% and 8% respectively. However, the use of 3D manifold can increase the 
PM emission by an average percentage of 20% at a constant engine speed operation. 
Also, it can be observed that using pure GTL fuel as in Figure (62 b) or mixing it with 
diesel in one fuel blend as in Figure (62 c) can highly decrease the PM  emission as it has a 
very low –sulfur and aromatics content in comparison to diesel fuel. Also, the addition of 
biofuels like the corn oil or using waste cooking oil in fuel blends with the conventional 
fuels (diesel and GTL) is considered to be a good solution for decreasing the PM emission 
as those alternative fuel blends contains less amount of sulfur, thus less amount of PM are 
produced in comparison to diesel fuel as can be observed in Figure (62 d) through Figure 





6)     Smoke Number @constant speed 
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Figure 63. Smoke emission Vs. engine load for :(a) diesel fuel ,(b)GTL fuel ,(c)diesel-GTL 
blend,(d)diesel-waste cooking oil blend (e) diesel-GTL-waste cooking oil blend (f) diesel-


















































































































































The black smoke is produced from the fuel carbon particles that are released by the thermal 
cracking of the large hydrocarbon fuel molecules. Higher loads imply higher fuel 
consumptions and that is why the smoke number in Figure 63 is significantly increasing 
with load. As observed in Figure 63, the use of 1D manifold has recorded slightly lower 
readings for the smoke emission in comparison with the normal manifold. This can be 
referred to the increase in volumetric efficiency in case of using the 1D manifold, thus the 
mixing charge becomes leaner and less amount of smoke can be detected in the exhaust. 
However, the use of 2D and 3D manifolds was not effective in decreasing smoke 
production rates as those manifolds can result in lower volumetric efficiencies than the 
normal manifold. The use of the 1D manifold can decrease the smoke concentration by an 
average percentage of 3%. However the use of 2D and 3D manifold can result in 1% 
increment in smoke concentration.  
The use of waste cooking oil and corn oil in one fuel blend with conventional fuels (diesel 
and GTL) as in Figure (63 d) through Figure (63 f) has decreased the smoke production 
slightly. The reason behind can be referred to their high oxygen content which plays a 
major role in reducing soot formation and in soot oxidation [68].Vice versa, the use of 
conventional fuels has given almost similar smoke readings as can be shown in Figure (63 







4.2    Effect of Using Fuel Blends 
 
This section compares between diesel fuel and another five different fuels .Of those fuels, 
GTL fuel is the only one used in the pure form and the remaining are all fuel blends. The 
test will involve combustion, performance and emission characteristics using the 1D 
manifold in the constant load case and the normal manifold in the constant speed case .The 
selection of those manifolds is based on their optimum results in the previous section. 
4.2.1    Combustion Characteristics 
 
 
1)   P-  Diagram 
 
Figure 64. Pressure vs. crank angle position for six different types of fuels using the 1D 


































The plot of pressure vs. crank angle position is drawn for the range of crank rotation from 
top dead center (360°) to a period after combustion (aTDC) during the expansion stroke 
(390°). While studying the plot, the main emphasis was on the period between the start of 
injection (SOI) and the start of combustion (SOC) and then the peak of the curve achieved 
at SOI and SOC in which both are expressed in terms of crank angle position before the top 
dead center (bTDC) since the top dead center (TDC) is the moment at which the piston 
reaches the highest level in the cylinder at the end of compression. 
Figure 64 compares the pressure rise for six different types of fuels at an engine speed of 
1700 rpm and an engine load of 1N.m using the 1D manifold. It is clearly noticed that the 
use of GTL fuel has resulted in the least pressure accumulation in the cylinder during the 
compression stroke and combustion period. The reason behind that can be referred to the 
high cetane number of GTL in comparison with other used fuel blends, hence a shorter 
ignition delay period was obtained and the pressure rise was the least. The use of GTL has 
resulted in 19% reduction in pressure rise values at different crank angle positions. 
Diesel and GTL fuel blend can also be considered a good solution for reducing the pressure 
rise in the cylinder and minimizing the ignition delay period in comparison to pure diesel. 
The cetane number was measured for this blend to be equal to 62.5, however the cetane 
number for pure diesel is 55 and this explains the difference between both fuels in pressure 
rise readings. The use of diese-GTL blend has minimized the pressure rise by an average 
percentage of 4% at the specified engine operation conditions.  
The waste cooking oil which has a very low cetane number (= 32.5) caused the pressure 





GTL and an observable increment in pressure rise was detected for both fuel blends. The 
use of those fuel blends has resulted in about 7% in-cylinder pressure rise in comparison to 
diesel fuel. 
For the same reason, the addition of corn oil further to diesel-GTL-waste cooking oil blend 
has resulted in about 17% in-cylinder pressure rise. The cetane number was measured for 
the aforementioned fuel blend to be equal to 48.8 which is less than the cetane number of 
pure diesel (=55).  
Constant Load 
 
2)   The maximum pressure raise rate (dP-    
 


































Figure 65 indicates the maximum pressure raise rate with different engine speeds and 
different fuel blends. It is clearly noticed that the use of GTL fuel has resulted in the least 
maximum pressure raise rate. This gives an indication that the use of GTL results in a 
shorter ignition delay period and thus fewer amounts of fuel droplets are burned which 
results in a less maximum pressure raise rate in comparison with diesel fuel. The reason 
behind that can be referred to the higher cetane number of GTL in comparison with diesel 
fuel and the other used fuel blends as this fuel property plays a vital role in enhancing 
engine combustion characteristics. The use of GTL fuel instead of diesel fuel can result in 
19% reduction in maximum pressure raise rate values at different engine speeds. 
Diesel and GTL fuel blend has also minimized the maximum pressure rise rate by an 
average percentage of 5% due to its higher cetane number. The cetane number was 
measured for this fuel blend to be equal to 62.5, however the cetane number for pure diesel 
is 55 and this explains the difference between both fuels in maximum pressure rise rate 
readings.  
The waste cooking oil which has a very low cetane number (= 32.5) caused the maximum 
pressure rise rate in the cylinder to be slightly higher when it was blended with diesel alone 
or with diesel and GTL. The use of those fuel blends has resulted in about 2% in-cylinder 
maximum pressure rise rate in comparison with diesel fuel. For the same reason, the 
addition of corn oil further to diesel-GTL-waste cooking oil blend has resulted in about 
14% in-cylinder maximum pressure rise rate. The cetane number was measured for the 
aforementioned fuel blend to be equal to 48.8 which is less than the cetane number of pure 





3)   Peak Pressure 
 
Figure 66. Peak pressure vs. engine speed for different types of fuel using the 1D manifold 
 
In a compression ignition engine, the combustion characteristics of the fuel and the engine 
performance and emission depend upon the ignition delay period. The longer the delay 
period, the higher is the rate of combustion and the higher is the resulting pressure rise. The 
rise in pressure inside the cylinder is attributed to the rate of combustion as well as the 
ignition delay period of the fuel, which in turn depends on the cetane index. Moreover, the 
fuel viscosity and its calorific value can also play a major role in determining its in-
cylinder peak pressure.  
As it can be noticed in Figure 66, the lowest peak pressure readings were obtained in case 
of using GTL fuel. This can be referred to its high cetane number in comparison with diesel 

































18% in-cylinder peak pressure at various engine speeds. The use of GTL fuel with diesel 
fuel in one fuel blend has resulted in a slight reduction in the in-cylinder peak pressure 
readings of about 4%. The reason behind that can be related to the higher cetane number of 
diesel-GTL fuel blend compared to pure diesel fuel which has decreased the ignition delay 
period resulting in a reduction of the accumulated fuel in the cylinder prior to combustion 
period.  
The waste cooking oil which has a very low cetane number (= 32.5) caused the peak 
pressure in the cylinder to be higher when it was blended with diesel and GTL .The use of 
those fuel blends has resulted in about 10% increment of in-cylinder peak pressure in 
comparison with diesel fuel. In the same principle, the addition of corn oil further to the 
conventional fuels and the waste cooking oil has resulted in about 17% increment of in-
cylinder peak pressure. The cetane number was measured for the aforementioned fuel 
blend to be equal to 48.8 which is less than the cetane number of pure diesel (=55).  
Also, the high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in better engine 
combustion characteristics in terms of maximum in-cylinder pressure and in-cylinder 
pressure rise rate in comparison to other used fuels which have lower calorific values. The 
calorific value for diesel fuel equals to 44.3 MJ/kg, for waste cooking oil equals to 36.3 
MJ/kg and for the corn oil equals to 42.7 MJ/kg. 
Furthermore, GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to 
other used fuel blends. The kinematic viscosity was measured for other fuels at STP and 
was found to be equals to 5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 





cylinder pressure readings were the highest .As the fuel is less viscous, the fuel droplets 




2)   dP-   Diagram 
 
Figure 67. Dp/   Vs. engine load for different types of fuel using the normal manifold 
 
Figure 67 indicates the maximum pressure raise rate at different engine loads and for 
different fuel blends. It is clearly noticed that the use of GTL fuel has resulted in the least 
maximum pressure raise rate. This gives an indication that the use of GTL results in a 
shorter ignition delay period and thus fewer amounts of fuel droplets are burned which 


































behind that can be referred to the higher cetane number of GTL in comparison with diesel 
fuel and the other used fuel blends as this fuel property plays a vital role in enhancing 
engine combustion characteristics. The use of GTL fuel instead of diesel fuel can result in 
18% reduction in maximum pressure raise rate values at different engine speeds. 
The use of diesel - GTL fuel blend has also minimized the maximum pressure rise rate by 
an average percentage of 7% due to its higher cetane number. The cetane number was 
measured for this blend to be equal to 62.5, however the cetane number for pure diesel is 
55 and this explains the difference between both fuels in maximum pressure rise rate 
readings. The waste cooking oil which has a very low cetane number (= 32.5) caused the 
maximum pressure rise rate in the cylinder to be slightly lower when it was blended with 
diesel alone or with diesel and GTL. Although the cetane number of those fuel blends is 
less than diesel fuel (43.8 and 52.5 respectively), however their lower viscosity played a 
major role in obtaining lower maximum pressure raise rate readings of about 4% and 2% 
respectively due to the enhanced combustion quality. 
The addition of corn oil further to the conventional fuels and the waste cooking oil has 
resulted in about 9% increment of in-cylinder maximum pressure rise rate. The cetane 
number was measured for the aforementioned fuel blend to be equal to 48.8 which is less 
than the cetane number of pure diesel (=55) and this explains why the readings were higher 
for that case. In addition to that, the corn oil has a very high viscosity which results in a 






3)   Peak Pressure 
 
Figure 68. Peak pressure Vs. engine load for different types of fuel using the normal 
manifold 
 
The rise in pressure inside the cylinder is attributed to the rate of combustion as well as the 
ignition delay period of the fuel, which in turn depends on the cetane index. The higher the 
value of the cetane index of the fuel, the shorter is the ignition delay period. 
Figure 68 demonstrates the variation of the in-cylinder peak pressure with load for six 
different types of fuel. As it can be noticed in Figure 68, the lowest peak pressure readings 
were obtained in case of using GTL fuel. This can be referred to its high cetane number in 
comparison with diesel fuel and the other used fuel blends. The use of GTL fuel has result 
































The use of GTL fuel with diesel fuel in one fuel blend has resulted in a slight reduction in 
the in-cylinder peak pressure readings of about 5%. The reason behind that can be related 
to the higher cetane number of diesel-GTL fuel blend compared to pure diesel fuel which 
has decreased the ignition delay period resulting in a reduction of the accumulated fuel in 
the cylinder prior to combustion period.  
The waste cooking oil which has a very low cetane number (= 32.5) caused the peak 
pressure in the cylinder to be higher when it was blended with diesel or with diesel and 
GTL .The use of those fuel blends has resulted in about 4% increment of in-cylinder peak 
pressure in comparison with diesel fuel. For the same reason, the addition of corn oil 
further to diesel-GTL-waste cooking oil fuel blend has resulted in about 13% increment of 
in-cylinder peak pressure. The cetane number was measured for the aforementioned fuel 
blend to be equal to 48.8 which is less than the cetane number of pure diesel (=55).  
Also, the high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in better engine 
combustion characteristics in terms of in-cylinder peak pressure and the maximum in-
cylinder pressure rise rate in comparison to other used fuels which have lower calorific 
values. The calorific value for diesel fuel equals to 44.3 MJ/kg, for waste cooking oil 
equals to 36.3 MJ/kg and for corn oil equals to 42.7 MJ/kg. 
Furthermore, GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to 
other used fuel blends. The kinematic viscosity was measured for other fuels at STP and 
was found to be equals to 5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 
45   /s for corn oil. The very high viscosity of corn oil explains why the maximum 





become smaller which enhances the air-fuel mixing and thus improves the engine’s 
combustion characteristics. 




1)   Brake Specific Fuel Consumption 
 
Figure 69. Brake specific fuel consumption vs. engine speed for different types of fuel 
using the 1D manifold 
 
The bsfc is a tool used for measuring engine efficiency and fuel economy. Figure 69 shows 
the relation between the bsfc with respect to engine speed for six different types of fuels. 
The high calorific value of GTL fuel (=47.3 MJ/kg) has resulted in less fuel consumption 































diesel fuel equals to 44.3 MJ/kg, for waste cooking oil equals to 36.3 MJ/kg and for corn 
oil equals to 42.7 MJ/kg. As the fuel calorific value becomes higher, less amount of fuel 
has to be burned in order to produce the same amount of combustion energy. The use of 
GTL fuel has resulted in 20 % decrement in bsfc in comparison to diesel fuel.  
Furthermore, the high cetane number of GTL has caused less amount of fuel to be burned 
during the combustion phase and this has also been considered one of the reasons to the 
enhanced bsfc with the use of GTL. The use of GTL fuel with diesel fuel in one fuel blend 
was also effective in decreasing bsfc by about 10% due to the enhancement of the fuel 
blend’s calorific value. The calorific value was measured for this fuel blend and was found 
to be equal to 45.8 MJ/kg. 
However, the use of diesel-waste cooking oil fuel blend has resulted in 15% increment in 
bsfc due to the lower heating value of the fuel blend in comparison with pure diesel fuel. 
The calorific value was measured for this fuel blend and was found to be equal to 43.5 
MJ/kg. The addition of GTL for that fuel blend has resulted in only 4% increment in bsfc, 
however the addition of corn oil further for that mixture has resulted in about 17% 
increment in comparison with diesel fuel due to its low calorific value. The calorific value 
was measured for this fuel blend and was found to be equal to 42.7 MJ/kg. The low cetane 
number for waste cooking oil and corn oil has also been considered a reason for increasing 
bsfc values as this caused more fuel to be burned during the combustion period and thus 







2)   Volumetric Efficiency 
 
Figure 70. Volumetric efficiency Vs. engine speed for different types of fuel using the 1D 
manifold 
 
Figure 70 depicts the relation between the volumetric efficiency and engine speed for six 
different types of fuels. Volumetric efficiency is a measure of how good the engine is at 
receiving in air, and anything that reduces the flow of air into the engine will lower the 
volumetric efficiency. The two biggest reasons for poor volumetric efficiency at high 
engine speeds are frictional flow losses and choked flow.  
As it can be noticed in Figure 70, the volumetric efficiency readings in the fuel blends 
where the waste cooking oil and corn oil have been used are the highest. This can be 
referred to the high oxygen content inherited in the waste cooking oil and corn oil in 
comparison to conventional fuels diesel and GTL. Consequently, less amount of air needed 








































waste cooking oil to diesel in a 50 to 50 percent volume composition has resulted in 2% 
increment in volumetric efficiency. However, the addition of corn oil further for that blend 
has resulted in 8% volumetric efficiency’s increment. 
The use of pure GTL or the addition of GTL to diesel had almost no effect in the 
volumetric efficiency readings because those conventional fuels are poor of oxygen 
content. Nevertheless, the addition of waste cooking oil to that blend in 33.3 % volume 
composition has resulted in 5% increment in volumetric efficiency. 
 
3)   Exhaust Temperature 
 








































Figure 71 depicts the variation of exhaust gas temperature readings with speed for six 
different types of fuels. Exhaust gas temperature indicates that the heat in the cylinder is 
converted into work and the combustion is more complete. At various speed conditions, it 
is observed that the exhaust gas temperature increases with speed because the mixing 
charge becomes richer with speed which causes more fuel to be burned. 
GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to other used fuel 
blends and this has raised the air-fuel mixing quality and resulted in a more complete 
combustion and thus higher exhaust temperature readings .The use of GTL has caused 37 
% increment in exhaust temperature in comparison to diesel fuel. The use of GTL fuel with 
diesel fuel in one fuel blend has resulted in a slight increment in the in-exhaust temperature 
readings of about 10% due to the enhancement of the fuel viscosity. The kinematic 
viscosity was measured for this fuel blend at STP and was found to be equal to 3.6   /s.  
The kinematic viscosity was measured for the other used fuels at STP and was found to be 
equals to 5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 45   /s for 
corn oil. The addition of waste cooking oil to diesel has resulted in about 7% reduction in 
the exhaust temperature readings due to its lower viscosity and its high oxygen content 
which caused the mixing charge to be leaner, thus less fuel is burned and the exhaust 
temperature is reduced.   However, the use of GTL with diesel and waste cooking oil fuel 
blend has raised the exhaust temperature readings in about 4% due to the enhancement of 
the fuel viscosity. The kinematic viscosity was measured for this fuel blend at STP and was 





The very high viscosity of corn oil explains why the exhaust temperature readings were the 
lowest as this has caused the mixing quality to be lower and the combustion is less 
complete. The use of this fuel blend has caused 15 % decrement in exhaust temperature 
with in comparison to diesel fuel. Also, the high calorific value of GTL fuel (=47.3 MJ/kg) 
has resulted in better engine combustion and higher exhaust temperature readings in 
comparison to other used fuels which have lower calorific values. The calorific value for 
diesel fuel equals to 44.3 MJ/kg, for waste cooking oil equals to 36.3 MJ/kg and for corn 
oil equal to 42.7 MJ/kg. 
Constant Speed 
 
1)   Brake Specific Fuel Consumption 
 
Figure 72. Brake specific fuel consumption vs. engine load for different types of fuel using 































The bsfc is used as an indication for measuring engine efficiency and fuel economy. The 
least is the bsfc, the higher is the thermal efficiency and the more the fuel is economical. 
Figure 72 shows the relation between the bsfc with respect to engine load for different 
types of fuels. As it can be clearly noticed, the bsfc readings for GTL are the lowest. The 
high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in less fuel consumption in 
comparison to other used fuels which have lower calorific values. The calorific value for 
diesel fuel equals to 44.3 MJ/kg, for waste cooking oil equals to 36.3 MJ/kg and for corn 
oil equals to 42.7 MJ/kg. As the fuel calorific value becomes higher, less amount of fuel 
has to be burned in order to produce the same amount of combustion energy. The use of 
GTL has resulted in 12 % decrement in bsfc in comparison to diesel fuel.  
Furthermore, the high cetane number of GTL caused less amount of fuel to be burned 
during the combustion phase and this has also been considered one of the reasons to the 
enhanced bsfc with the use of GTL. The use of GTL fuel with diesel fuel in one fuel blend 
was also effective in decreasing bsfc by about 7% due to the enhancement of the fuel 
blend’s calorific value. The calorific value was measured for this fuel blend and was found 
to be equal to 45.8 MJ/kg. 
However, the use of diesel-waste cooking oil fuel blend has resulted in 13% increment in 
bsfc due to the lower heating value of the fuel blend in comparison with pure diesel fuel. 
The calorific value was measured for this fuel blend and was found to be equal to 43.5 
MJ/kg. The addition of GTL for that fuel blend has resulted in 12% increment in bsfc, 
however the addition of corn oil further for that mixture has resulted in about 15% 





was measured for this fuel blend and was found to be equal to 42.7 MJ/kg. The low cetane 
number for waste cooking oil and corn oil has also been considered a reason for decreasing 
bsfc values as this caused more fuel to be burned during the combustion period and thus 
more fuel was consumed. 
 
2)   Volumetric Efficiency 
 
Figure 73. Volumetric efficiency vs. engine load for different types of fuel using the 
normal manifold 
 
Figure 73 depicts the relation between the volumetric efficiency and engine load for six 
different types of fuel. Volumetric efficiency is a measure of how good the engine is at 









































volumetric efficiency. The two biggest reasons for poor volumetric efficiency are frictional 
flow losses and choked flow.  
As it can be noticed in Figure 73, the volumetric efficiency readings in the fuel blends 
where the waste cooking oil and corn oil have been used are the highest. This can be 
referred to the high oxygen content inherited in the waste cooking oil and corn oil in 
comparison to conventional fuels diesel and GTL. Consequently, less amount of air needed 
to initiate the combustion and the volumetric efficiency reading get higher. The addition of 
waste cooking oil to diesel in a 50 to 50 percent volume composition has resulted in 7% 
increment in volumetric efficiency.  
The use of pure diesel or diesel-GTL fuel blend has only increased the volumetric 
efficiency marginally because those conventional fuels are poor of oxygen content. The use 
of pure GTL has increased the volumetric efficiency by only 2% and the use of diesel-GTL 
fuel blend has resulted in only 1% increment in the volumetric efficiency. However, the 
addition of waste cooking oil further for diesel-GTL fuel blend has resulted in 5% 
volumetric efficiency’s increment. Also, the addition of corn oil further for that mixture has 
enhanced the volumetric efficiency the most and was found to cause 10% increment in the 









3)   Exhaust Temperature 
 
Figure 74. Exhaust temperature vs. engine load for different types of fuel using the normal 
manifold 
 
Figure 74 depicts the variation of exhaust gas temperature with load for six different types 
of fuels. A higher exhaust temperature reading indicates that the combustion is more 
complete. At various load conditions, it is observed that the exhaust gas temperature 
increases with load because the mixing charge becomes richer as the load increases which 
causes more fuel to be burned. 
GTL fuel has the lowest kinematic viscosity (=2   /s) in comparison to other used fuel 
blends and this has raised the air-fuel mixing quality and resulted in a more complete 
combustion and higher exhaust temperature readings .The use of GTL fuel has caused 26 






































diesel fuel in one fuel blend has resulted in a slight increment in the in-exhaust temperature 
readings of about 16% due to the enhancement of the fuel viscosity. The kinematic 
viscosity was measured for this fuel blend at STP and was found to be equal to 3.6   /s.  
The kinematic viscosity was measured for other fuels at STP and was found to be equals to 
5.2   /s for diesel fuel, 4.9   /s for waste cooking oil and 45   /s for corn oil. The 
addition of waste cooking oil to diesel was only effective at high engine loads (above 
2N.m) and was inefficient beyond that load in reducing CO emission. The reason behind 
that is that the air fuel ratio becomes lower at high engine loads, however the existence of 
waste cooking oil in the blend can compensate the reduction of air that happens at high 
engine loads and thus the combustion is more complete. The use of diesel- waste cooking 
oil can increase the exhaust temperature by an average percentage of 16% at high engine 
loads.  
 The use of GTL with diesel -waste cooking oil fuel blend has raised the exhaust 
temperature readings in about 5% due to the enhancement of the fuel viscosity. The 
kinematic viscosity was measured for this fuel blend at STP and was found to be equal to 
4   /s. The very high viscosity of corn oil explains why the exhaust temperature 
readings were the lowest as this has caused the mixing quality to be lower and the 
combustion is less complete. The use of this fuel blend has caused 36 % decrement in 
exhaust temperature in comparison to diesel fuel.  
Also, the high calorific value for GTL fuel (=47.3 MJ/kg) has resulted in better engine 





which have lower calorific values. The calorific value for diesel fuel equals to 44.3 MJ/kg, 
for waste cooking oil equals to 36.3 MJ/kg and for corn oil equal to 42.7 MJ/kg. 




1)   Carbon Monoxide 
 
Figure 75. Carbon monoxide emission vs. engine speed for different types of fue using the 
1D manifold 
 
Carbon monoxide occurs only in the engine exhaust .It is resulted as the product of 
incomplete combustion. Higher CO emission rates are expected at higher engine speeds as 

























at higher engine speeds there will be less time available for air-fuel mixing and an 
increased quantity of injected fuel which further increases CO emission.  
It can be clearly noticed in Figure 75 that the CO emission rates have been decreased with 
the use of GTL fuel. The reason behind that is referred to its high cetane number (=70) 
which has resulted in better combustion characteristics and a more complete combustion. 
Also, GTL low viscosity played a major role in enhancing the air-fuel mixing which has 
resulted in a higher quality of air-fuel mixing and thus less CO emission. The use of GTL 
has resulted in 14% CO emission reduction. The use of diesel with GTL was found to be 
effective in decreasing CO emission only at high engine speeds (above 2200 rpm) which 
indicates that the combustion quality is improved at high engine speeds. The use of this 
fuel blend has resulted in an average percentage of 12% at high engine speeds. 
The addition of waste cooking oil to this fuel blend was found to be very effective in 
decreasing CO emission at all speed ranges. The reason behind that can be referred to the 
high oxygen content of waste cooking oil and the high cetane number of GTL in which 
both properties have resulted in better air-fuel mixing quality. The use of this fuel blend has 
decreased CO emission rates by an average percentage of 42%. Also, the addition of waste 
cooking oil to pure diesel in a 50 to 50 volume percentage has recorded a remarkable 
reduction in CO of about 29%.  
Although the corn oil has high oxygen content, however its very high viscosity has affected 
the mixing quality more and a poor air-fuel mixing was obtained. In fact, the addition of 
corn oil to diesel-GTL- waste cooking oil fuel blend was found to be slightly effective only 





fuel mixing. The use of this fuel blend has resulted in 10% decrement in CO emission at 
high engine speeds.  
 
 
2)   Carbon Dioxide 
 
Figure 76. Carbon dioxide emission vs. engine speed for different types of fuel using the 
1D manifold 
 
The production of carbon dioxide in the exhaust tailpipe is a function of Hydrogen to 
Carbon ratio of the fuel and it depends also on the chemical conversion of CO into    .It 
can be clearly noticed in Figure 76 that     is increasing as the engine speed increases 
until it reaches a specific value then starts to decline. The reason behind that is that the 
equivalence ratio is getting more as the engine speed increases, thus a greater amount of 






























As noticed in Figure 76, the use of GTL in the pure form has reduced     emission 
considerably only at high engine speeds (above 2100 rpm) due to its slightly higher H/C 
ratio (=2.15) in comparison to diesel fuel (=2.125). The use of GTL has resulted in about 
12%     reduction at high engine speeds. The use of diesel-GTL fuel blend has almost 
given similar     emission rates. However, the addition of waste cooking oil to diesel-
GTL fuel blend has resulted in about 7%     reduction at high engine speeds due to the 
improved oxygen content of the blend caused by the addition of waste cooking oil. The 
addition of corn oil further to that blend has resulted in about 8%     reduction at all 
engine speeds due to the improved oxygen content of the blend caused by the addition of 
corn oil. Further notice that the use of waste cooking oil with diesel in one fuel blend is 
also found to be effective in decreasing    emission, more specifically at high engine 
speeds (above 2100 rpm). The use of this fuel blend has resulted in 3%     reduction at 















3)   Hydrocarbons 
 
Figure 77. Hydrocarbons emission vs. engine speed for different types of fuel using the 1D 
manifold 
 
Figure 77 demonstrates the relation between unburned hydrocarbon concentrations with 
speed increment for six different types of fuels. Unburned HC results mainly because of 
incomplete combustion of fuel and air. One more source for HC formation is when HC 
becomes in a direct contact with the walls of the combustion chamber and becomes 
quenched; more specifically during the cold start period (around 90% of HC is formed).  
At the beginning of engine operation (lower engine speeds), it can be clearly noticed that 
the use of diesel-waste cooking fuel blend is found to be effective due to the high 
distillation temperature of waste cooking oil (around 318 C) which results in less volatile 
fuel blend ,thus less amount of fuel droplets are quenched and HC emission is reduced. The 
































engine speeds, the use of diesel-waste cooking oil has almost given similar or slightly 
higher readings for HC than diesel fuel.  
The very low viscosity of GTL fuel in comparison to other used fuels caused the HC 
emission to be higher because HC results from fuel that over penetrates and wets the 
cylinder walls during the ignition delay period .As the fuel is less viscous; it is more able to 
penetrate the cylinder walls and thus results in more HC emission. The use of GTL has 
resulted in 35% increase in HC emission. 
The use of diesel-GTL fuel blend has decreased HC emission by an average percentage of 
21%. This may be referred to the improved cetane number of the mixture where less 
amount of fuel penetrates the cylinder walls due to the shortened ignition delay period. 
However, the addition of waste cooking oil to this blend was found to be very effective in 
reducing HC emission due to the improved distillation temperature of the mixture, thus less 
amount of fuel is quenched during the engine early operation. The use of this fuel blend has 
decreased HC emission by an average percentage of 68%.  
Nevertheless, the addition of corn oil to that blend has raised HC emission by an average 
percentage of 10% in comparison to diesel fuel because of its very high viscosity leading to 
a more incomplete combustion and thus more HC emission. In addition to that, the corn oil 
has a very low distillation temperature (=160 C) which causes more evaporation of fuel 







4)   Nitric Oxide 
 
Figure 78. Nitric oxide emission vs. engine speed for different types of fuel using the 1D 
manifold 
 
Nitric oxide (NO) is formed during the combustion of oil by two mechanisms; high-
temperature thermal fixation of molecular oxygen (O2) and nitrogen (N2) present in the 
combustion air and, second, reaction of atmospheric oxygen with nitrogen-containing 
compounds in the fuel.NO is the major component in the NOx emission that is why the 
focus is mainly about it. 
It can be noticed from Figure 78 that the values of NO emission at different engine speeds 
were the lowest when using GTL fuel as it has the highest cetane number in comparison to 
other used fuels. As a result, the ignition delay period is less and the flame temperature is 
lower. Consequently, less amount of NO is produced. The use of GTL has reduced NO 
































Also, diesel and GTL fuel blend is considered to be a good solution for reducing NO 
emission in the cylinder when compared with the use of pure diesel due to the enhanced 
cetane number of the blend. The cetane number was measured for this fuel blend to be 
equals to 62.5 which is considered to be high with respect to diesel and the other used fuel 
blends. The use of diesel-GTL fuel blend has reduced NO emission by an average 
percentage of 40%.  
The waste cooking oil which has a very low cetane number (= 32.5) caused the NO 
emission to be higher when it was blended with diesel alone (around 40% NO increment) 
or with diesel and GTL together (around 20% NO increment). In the same principle, the 
addition of corn oil to the aforementioned fuel blend has also resulted in higher NO 













5)   Total Particulate Matters 
 
Figure 79. Total particulate emission vs. engine speed for different types of fuel using the 
1D manifold 
 
Incomplete combustion is the main reason of the particulate matters emission in diesel 
engine. Particulate matters are formed mainly in the fuel rich regions during the diffusion 
burning period. As can be noticed in Figure 79, the total amount of different size particles 
detected in the engine exhaust decreases with increasing engine speed. The reason behind 
that is that better turbulence effect is obtained at higher engine speeds in which the extent 
of complete combustion is improved [67]. 
Also, it can be observed that using pure GTL fuel or using it in fuel blends is very effective 
in decreasing PM emission because it has a very low –sulfur and aromatics content in 

































percentage of 31% and the use of diesel-GTL fuel blend has reduced PM emission by 29% 
which indicates that the use of GTL is cleaner for the environment than diesel fuel. 
The addition of biofuels like the corn oil or using waste cooking oil in fuel blends with the 
conventional fuels (diesel and GTL) is considered to be a good solution for decreasing the 
PM emission as those alternative fuel blends also contains less amount of sulfur and 
aromatics, thus less amount of PM are produced in comparison to diesel fuel. The usage of 
waste cooking oil with conventional fuels has reduced PM emission by 25% and the 
addition of corn oil to that fuel blend has resulted in 18% reduction. Also, the use of waste 
cooking oil with diesel fuel has resulted in 14% reduction in PM emission on average. 
 
 
6)   Smoke number 
 




























The black smoke produced by a fuel is composed of carbon particles released by the 
thermal cracking of the large hydrocarbon fuel molecules. This process occurs on the rich 
side of the flame front during the diffusion combustion phase as the PM does. Also, Smoke 
production is increased at elevated temperatures and this explains why the smoke 
production in Figure 80 increases with engine speed. Another possible reason is that higher 
engine speeds lead to a shorter residence time of gases in the combustion chamber. 
It can be observed form Figure 80 that the use of waste cooking oil and corn oil in fuel 
blends with conventional fuels (diesel and GTL) has decreased the smoke production 
slightly. The reason behind can be referred to their high oxygen content which plays a 
major role in reducing soot formation and in soot oxidation [68]. The addition of waste 
cooking oil to diesel-GTL fuel blend has resulted in 23% reduction in smoke opacity and 
the addition of corn oil further to that mixture has decreased smoke opacity by 26%. 
However, the use of diesel fuel with waste cooking oil has resulted in a lower percentage of 
smoke production which is about 10%. 
The use of GTL or diesel-GTL fuel blend is only effective in decreasing smoke production 
at high engine speeds (above 2200 rpm). The use of pure GTL has resulted in 4% smoke 
reduction and the use diesel-GTL fuel blend has resulted in 13% smoke reduction at high 
engine speeds as the chemical structure of the conventional fuels is lack of oxygen content 
and mainly consists of hydrocarbons. However, the addition of waste cooking oil further to 









1)   Carbon Monoxide 
 
Figure 81. Carbon monoxide emission vs. engine load for different types of fuel using the 
normal manifold 
 
Carbon monoxide occurs only in the engine exhaust .It is resulted as the product of 
incomplete combustion. Figure 81 shows the Carbon monoxide readings at different loads 
for six different types of fuels. As it can be figured out, CO emission increases with load. 
This is because more fuel is accumulated at higher loads to produce more power due to 
which higher temperature is achieved in the exhaust. 
It can be clearly noticed that the use of GTL fuel which has the highest cetane number 
(=70) amongst other used fuels has resulted in better combustion characteristics and a more 


























fuel mixing which has resulted in a higher quality of air-fuel mixing and thus less CO 
emission. The use of GTL fuel instead of diesel fuel can reduce CO emission by about 
77%. 
In the same concept, the addition of GTL to diesel as expected could enhance the air-fuel 
mixing quality and has resulted in 30% CO emission reduction. The addition of waste 
cooking oil to this fuel blend was found to be very effective in decreasing CO emission at 
all engine loads. The reason behind that can be referred to the high oxygen of waste 
cooking oil and the high cetane number of GTL in which both fuel properties have resulted 
in better air-fuel mixing quality. The use of this fuel blend has decreased CO emission rates 
by an average percentage of 42%. Also, the addition of waste cooking oil to pure diesel in a 
50 to 50 volume percentage has recorded a remarkable reduction in CO emission of about 
26%. Although the corn oil has high oxygen content, however its very high viscosity has 
affected the mixing quality more and a poor air-fuel mixing was obtained. The use of this 














2)   Carbon Dioxide 
 
Figure 82. Carbon dioxide emission vs. engine load for different types of fuel using the 
normal manifold 
 
The production of carbon dioxide in the exhaust tailpipe is a function of Hydrogen to 
Carbon ratio of the fuel and it depends also on the chemical conversion of CO into    .It 
can be clearly noticed in Figure 82 that    is increasing as the engine load increases. The 
reason behind that is that the mixing charge becomes richer at higher engine loads, thus 
more fuel is burned and    emission increases. 
As noticed in Figure 82, the use of GTL in the pure form has reduced     emission slightly 
due to its higher H/C ratio (=2.15) in comparison to diesel fuel (=2.125). The use of GTL 
has resulted in 14%     reduction. As expected, the addition of GTL to diesel in a 50 to 50 




























H/C ratio of that mixture when compared to pure diesel fuel. The use of diesel-GTL fuel 
blend has resulted in about 12%      reduction. 
However, the addition of waste cooking oil to diesel-GTL fuel blend has resulted in about 
13%     reduction at low and mid-range loads due to the improved oxygen content of the 
fuel blend caused by the addition of waste cooking oil. The addition of corn oil further to 
that blend has resulted in about 17%     reduction at all engine loads due to the improved 
oxygen content of the blend caused by the addition of corn oil. Further notice that the use 
of waste cooking oil with diesel in one fuel blend is also found to be effective in decreasing 
   emission, more specifically at low engine loads (less than 2N.m). The use of this fuel 
















3)   Hydrocarbons 
 
Figure 83. Hydrocarbons emission vs. engine load for different types of fuel using the 
normal manifold 
 
Figure 83 demonstrates the relation between unburned hydrocarbon concentrations with 
load increment for six different types of fuel. Unburned HC results mainly because of 
incomplete combustion of fuel and air. One more source for HC formation is when HC 
becomes in a direct contact with the walls of the combustion chamber and becomes 
quenched; more specifically during the cold start period (around 90% of HC is formed).    
It can be clearly noticed that the use of diesel-waste cooking fuel blend has resulted in the 
lowest HC readings. The reason behind that can is the high distillation temperature of 
waste cooking oil (around 318 C) which results in less volatile fuel blend ,thus less amount 
of fuel droplets are quenched during the cold start period and HC emission is reduced. The 
































The very low viscosity of GTL fuel in comparison to other used fuels caused the HC 
emission to be higher because HC results from fuel that over penetrates and wets the 
cylinder walls during the ignition delay period .As the fuel is less viscous; it is more able to 
penetrate the cylinder walls and thus results in more HC emission. The use of GTL has 
resulted in 35% increase in HC emission. In addition to that, GTL fuel has a distillation 
temperature that is slightly less than diesel fuel which caused more fuel droplets to be 
quenched during the cold start period. 
The use of diesel-GTL fuel blend has decreased HC emission by only 3%. This may be 
referred to the improved cetane number of the mixture where less amount of fuel penetrates 
the cylinder walls due to the shortened ignition delay period. However, the addition of 
waste cooking oil to this blend was found to be very effective in reducing HC emission due 
to the improved distillation temperature of the mixture, thus less amount of fuel is 
quenched during the engine early operation. The use of this fuel blend has decreased HC 
emission by an average percentage of 18%.  
Nevertheless, the addition of corn oil to that blend has raised HC emission by an average 
percentage of 18% in comparison to diesel fuel because of its very high viscosity leading to 
a more incomplete combustion and thus more HC emission. In addition to that, the corn oil 
has a very low distillation temperature (=160 C) which causes more evaporation of fuel 







4)   Nitric Oxide 
 
Figure 84. Nitric oxide emission  vs. engine load for different types of fuel using the 
normal manifold 
 
Nitric oxide (NO) is formed during the combustion of oil by two mechanisms; high-
temperature thermal fixation of molecular oxygen (O2) and nitrogen (N2) present in the 
combustion air and, second, reaction of atmospheric oxygen with nitrogen-containing 
compounds in the fuel.NO is the major component in the NOx emission that is why the 
focus is mainly about it .As noticed in Figure 84, NO emission becomes higher with more 
engine load. The reason behind that is that the flame temperature increases as the engine 
load increases which results in higher NO emission rates. 
It can be clearly noticed from Figure 84 that the values of NO emission at different engine 
loads were the lowest when using GTL fuel due to its highest cetane number. As a result, 




























amount of NO is produced. The use of GTL has reduced NO emission by an average 
percentage of 66%. 
Also, diesel-GTL fuel blend is considered to be a good solution for reducing NO emission 
due to the enhanced cetane number of the blend. The cetane number was measured for this 
blend to be equals to 62.5 which is considered to be high with respect to diesel and the 
other used fuel blends. The use of diesel-GTL fuel blend has reduced NO emission by an 
average percentage of 36%.  
The waste cooking oil which has a very low cetane number (= 32.5) has caused 31% 
increment in NO emission when it was blended with diesel alone and 26% when it was 
added to diesel and GTL together. In the same principle, the addition of corn oil to the 
aforementioned fuel blend was ineffective and has increased NO emission by an average 












5)   Total Particulate Matters 
 
Figure 85. Total particulate emission vs. engine load for different types of fuel using the 
normal manifold 
 
Incomplete combustion is the main reason of the particulate matters emission in diesel 
engine. Particulate matters are formed mainly in the fuel rich regions during the diffusion 
burning period. As can be noticed in Figure 85, the total amount of different size particles 
detected in the engine exhaust increases with increasing engine load. The reason behind 
that is that the air-fuel charge becomes richer at higher engine loads which results in more 
PM. 
It can be observed from Figure 85 that using pure GTL fuel or using it in fuel blends is 
very effective in decreasing PM emission because it has a very low –sulfur and aromatics 

































average percentage of 52% and the use of diesel-GTL fuel blend has reduced PM emission 
by 38% which indicates that the use of GTL is cleaner for the environment than diesel fuel. 
The addition of a biofuel such as the corn oil or using waste cooking oil in fuel blends with 
the conventional fuels (diesel and GTL) is considered to be a good solution for decreasing 
the PM emission as those alternative fuel blends also contains less amount of sulfur and 
aromatics, thus less amount of PM are produced in comparison to diesel fuel. The usage of 
waste cooking oil with conventional fuels has reduced PM emission by 10% and the 
addition of corn oil to that fuel blend has resulted in 8% reduction. Also, the use of waste 



















6)   Smoke number 
 
Figure 86. Smoke emission vs. engine load for different types of fuel using the normal 
manifold 
 
The black smoke produced by a fuel is composed of carbon particles released by the 
thermal cracking of the large hydrocarbon fuel molecules. This process occurs on the rich 
side of the flame front during the diffusion combustion phase as the PM does. Also, Smoke 
production is increased at elevated temperatures and higher loads and this explains why the 
smoke production in Figure 86 is increasing with engine load.  
The use of waste cooking oil and corn oil in fuel blends with conventional fuels (diesel and 
GTL) has decreased the smoke production slightly. The reason behind that can be referred 
to their high oxygen content which plays a major role in reducing soot formation and in 

































resulted in 42% reduction in smoke opacity and the addition of corn oil further to that 
mixture has decreased smoke opacity by 44% in comparison with pure diesel. Also, the 
usage of waste cooking oil with diesel in one fuel blend has resulted in a lower percentage 
of smoke production which is around 40%. 
The use of GTL or diesel-GTL fuel blend has slightly decreased the smoke production. The 
use of pure GTL has reduced smoke reduction by about 10% and the use diesel-GTL fuel 
blend has resulted in 4% smoke reduction as the chemical structure of those conventional 















4.3    Summary of the Results 
 
Table 11 and Table 12 summarize the results obtained in section 4.1. Also, a summary for 
the results obtained in section 4.2 is included in Table 13 and Table 14. These tables show 
the percentage enhancement or demotion for every combustion, performance or emission 
criteria with respect to the normal manifold which is taken as a reference for comparison in 
Table 11 , Table 12. In the same concept, Table 13 and Table 14 present the percentage 






















Comparison between new intake manifolds at a constant engine load (Load=1N.m) 
  Type of manifold 
          1D           2D          3D 
Criteria % Enhancement of Demotion 
In-cylinder Peak Pressure (bar) +10% +10% -7% 
Maximum Pressure Raise Rate 
(bar/deg) 
+7% +7% -3% 
Exhaust Temperature (C) +12% -7% +6% 
BSFC (kg/kw.hr) +5% +7% -8% 
Volumetric Efficiency (%) +10% -10% -3% 
Carbon Monoxide (%) +12% -31% -38% 
Carbon Dioxide (%) +18% -10% -9% 
Hydrocarbons (ppm) +19% -44% -68% 
Nitric Oxide (ppm) +32% +44% -41% 
Particulate Matters (ppm) +15% +8% +8% 
Smoke Number  +5% -2% -4% 










Comparison between new intake manifolds at a constant engine speed (speed=1700 rpm) 
  Type of manifold 
          1D           2D          3D 
Criteria % Enhancement of Demotion 
In-cylinder Peak Pressure (bar) +5% +8% -3% 
Maximum Pressure Raise Rate 
(bar/deg) 
+5% +5% -1% 
Exhaust Temperature (C) +7% -11% +7% 
BSFC (kg/kw.hr) +5% -21% -28% 
Volumetric Efficiency (%) +4% -11% -8% 
Carbon Monoxide (%) +48% +21% -17% 
Carbon Dioxide (%) +19% +7% -31% 
Hydrocarbons (ppm) +52% +61% -20% 
Nitric Oxide (ppm) +32% +35% -10% 
Particulate Matters (ppm) +5% -8% -20% 
Smoke Number  +3% -1% -1% 







Comparison between tested fuels at a constant engine load (Load=1N.m) 
(+): indicates for enhancement, (-): indicates for demotion 
  Fuel 
  GTL DG DW DGW DGWW 
Criteria % Enhancement or Demotion 
In-cylinder Peak 
Pressure (bar) 
+18% +4% -2% -2% -14% 
Maximum Pressure 
Raise Rate (bar/deg) 
+19% +5% -10% -10% -17% 
Exhaust Temperature 
(C) 
+37% +10% -7% +4% -15% 
BSFC (kg/kw.hr) +20% +10% -15% -4% -17% 
Volumetric Efficiency 
(%) 
-1% -5% +2% +5% +8% 
Carbon Monoxide (%) +14% +12% +29% +42% -10% 
Carbon Dioxide (%) +12% +1% +3% +7% +8% 
Hydrocarbons (ppm) -35% +21% +35% +68% -10% 
Nitric Oxide (ppm) +52% +40% -40% -20% -27% 
Particulate Matters 
(ppm) 
+31% +29% +14% +25% +18% 






Comparison between tested fuels at a constant engine speed (speed=1700 rpm) 
(+): indicates for enhancement, (-): indicates for demotion 
 
  Fuel 
  GTL DG DW DGW DGWW 
Criteria % Enhancement or Demotion 
In-cylinder Peak 
Pressure (bar) 
+11% +5% -4% -4% -13% 
Maximum Pressure 
Raise Rate (bar/deg) 
+18% +7% -4% -4% -9% 
Exhaust Temperature 
(C) 
+26% +16% +16% +16% -36% 
BSFC (kg/kw.hr) +12% +7% -13% -13% -15% 
Volumetric Efficiency 
(%) 
-1% -5% +7% +7% +10% 
Carbon Monoxide (%) +77% +30% +26% +26% -20% 
Carbon Dioxide (%) +14% +12% +16% +16% +17% 
Hydrocarbons (ppm) -35% +3% +33% +33% -18% 
Nitric Oxide (ppm) +66% +36% -31% -31% -17% 
Particulate Matters 
(ppm) 
+52% +38% +5% +5% +8% 





CHAPTER 5.  CONCLUSION & RECOMMENDATIONS 
5.1    Conclusions 
 
In conclusion, this project investigates the performance and emission characteristics of 
diesel engine when varying two parameters. The first parameter was the use of newly 
designed intake manifolds and the second one was the use of new fuel blends. The new 
intake manifolds have been 3D designed using Solid Works and manufactured using Fused 
Deposition Modeling (FDM) and the new fuel blends were carefully prepared at the 
laboratory and their properties were provided by chemical specialists. 
A test rig that combines a single cylinder, four stroke diesel engine with all the measuring 
devices connected to the engine was used to perform all the experiments. The results of the 
experiment have considered combustion, performance and emission criteria in the scope of 
this study. 
After analysis, it was found that the use of the 1D new manifold can minimize the 
maximum pressure raise rate by 7% (10 % at a constant engine speed) and the in-cylinder 
peak pressure by 10% (5% at a constant engine speed).In addition, the use of 1D manifold 
has raised the volumetric efficiency and the exhaust temperature readings slightly and has 
resulted in lower bsfc values. Moreover, it has resulted in significant decrement in all 
exhaust emission gases in addition to PM and smoke opacity. However, the use of 2D 
manifold was found to be effective in some criteria such as decreasing the in-cylinder peak 
pressure, the maximum pressure raise rate and the brake specific fuel consumption. 





readings. Moreover, it has resulted in a higher emission gases except NO and PM which 
have been found to be less with the use of the 2D manifold. Controversy, the use of the 3D 
manifold was found to be ineffective in any of the engine combustion, performance or 
emission criteria except the exhaust temperature which was found to be slightly higher and 
the PM emission which was found to be less with the use of the 3D manifold. 
The use of GTL fuel has significantly improved the engine performance and lower all the 
emission gases except HC (35% increment). Also, the use of diesel- GTL fuel blend (DG) 
has almost enhanced the same criteria with slightly less enhancement percentages and the 
emission of HC was found to be less with the use of this fuel blend. However, the use of 
the new fuel blends that contain waste cooking oil namely DW and DGW was found to be 
ineffective in enhancing engine performance (despite the volumetric efficiency) and its 
combustion characteristics. Nevertheless, it has resulted in significant decrement in all 
exhaust emission gases (except NO) in addition to PM and smoke concentration. The 
addition of corn oil to those fuel (DW and DGW) was considered to be a good solution for 
only increasing the volumetric efficiency and decreasing some of the emission gases such 
as    , PM and smoke concentration, however its drawbacks were apparent in the 
remaining criteria. 
Finally, it was concluded that the use of the 1D new manifold is more preferable than the 
standard normal manifold due to its significant improvement of the engine performance 
and lowering all of its emission gases. However, the use of GTL fuel instead of diesel fuel 






5.2    Future Work and Recommendations 
 
The following recommendations are suggested for future work on the new engine intake 
manifolds and fuel blends: 
 It is recommended to perform the experiments on a well-ventilated area to avoid 
respiratory problems 
 The fuel preparation should be done with very much caution as some fuels a*9re 
highly volatile and extremely hazardous 
 It is recommended to perform a calibration test for the measurement devices the 
most frequently to make sure they are operating in an accurate way. 
 The selection of the volume percentage composition of any biofuel in the blend 
should be done with more study and care prior to the experiment as it plays a major 
role in characterizing the engine performance and emission. 
 For future work, a set of new intake manifolds can be designed by using different 
inner diameters or outlet angles or both. 
 Also, new fuel blends can be prepared by adding other biofuels to diesel with 
different 6/8volume percentage composition and then they can be experimentally 
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APPENDIX A: AIR MASS FLOW RATE CHART 






APPENDIX B: MEASURING DEVICES 
 
1)         The Oscilloscope 
 
Description of the Device 
The selected oscilloscope for this project is the GW-Instek (Model GDS-3152) Digital 
Storage Oscilloscope with a sampling rate of 150 MHz as shown in Figure 87. 
 
 
Figure 87. GW-Instek oscilloscope 
 
 
The oscilloscope has a function to save the screenshots of the plots, as well as the 48  
sampling data in the form of Excel file, which can be used for further analysis. The 





This is a digital storage oscilloscope that has a function to save the screenshots of the plots, 
as well as the 48 sampling data in the form of Excel file, which can be used for further 
analysis. The oscilloscope can also be linked directly to the computer for ease of data 
interval. It can be used for many applications such as product design, debugging, repair and 
serving, and electrical engineering education. Moreover, it has a vertical sensitivity to 2mV 
per division for capturing low-level signals. It comes with different connection with the 
computer such as USB, RS232, and LAN interfaces and by using these connections the 
waveforms and readings can be viewed and data can be collected. Figure 88 shows how the 









Features and Specifications 
The oscilloscope combines a lot of features and its interface has many specifications and 
they are as the following: 
Performance 
1) High sampling rate: up to 5GSa/s real-time(4GSa/s GDS-350X), 100GSa/ s 
equivalent time 
2) Deep memory: 25K points record length 
3) Minimum 2ns peak detection 
 Features 
1) 2 and 4  channel models 
2) Bandwidth up to 500 MHz 
3) 5GSa/ s (200ps resolution) real time sampling rate (4GSa/ s, 250ps resolution for 
GDs-350X) 
4) 100GSa/ s equivalent sample rate 
5) VPO waveform processing 
6) Large 8’’ 800 x 600 high-resolution TFT LCD 
7) Unique split window function 
8) Flexible application modules 
9) Three standard input impedances (50Ω/75Ω /1MΩ) 
10) Optional power measurement functions are available for fast analysis of power 
quality tests  





12) On-screen Help 
13) 64 MB internal flash memory 
14) Free Wave remote control software (free download) 
 Interface 
1) USB host port: front and rear panel, for storage devices 
2) USB slave port(Optional GPIB to USB), RS-232C port: for remote control 
3) Calibration output 
4) Go-No-Go output 
5) Trigger output 
6) Ethernet port 
 
The Pressure Transducer 
The pressure transducer that is selected for that project is the Charge Output Pressure 
Sensor (Model 116B03) from PCB Piezotronics, having a range of 7 bars and an operating 
temperature up to 343C. The output pressure response from this sensor is 10 pC/psi, which 
is then converted by an In-Line Charge Converter (Model 422E35) also from PCB 
Piezotronics.  
 The inline charge amplifier converts the signal with a gain of 0.99 mV/pC. Therefore, the 
final calibration factor used for converting the transducer signal to pressure is 6.238 






Figure 89. PCB pressure transducer and PCB charge converter 
 
 
The in-cylinder pressure and crank angle position are obtained by AVL QH 33D water 
cooled piezoelectric pressure transducer and PALAZZOLI digital shaft encoder; the output 
of the pressure transducer is amplified by an AVL charge amplifier and then the output 
signals displayed on Instek GDS-3152 Digital Storage Oscilloscope with 150 MHz 
sampling rate. The accuracy of this pressure transducer is ±13 mV/bar. Figure 90 













Even though the pressure sensors are provided with its calibration chart, it was decided to 
do the re-calibration to test the proper working of the ordered pressure transducers. The 
calibration was done using a separate sensors calibration testing facility available at Qatar 
University. 
The pressure transducer was calibrated by connecting it with the testing machine and a 
measured amount of pressure was applied as shown in Figure 91. The output signal was 
recorded and compared with the calibration charts provided with the sensors. Both the 
pressure sensors were found to be working perfectly and giving correct readings. The 
pressure transducer was provided with a testing and calibration certificates which showed 
the relationship between the output voltage and pressure. These certificates are attached to 






Figure 91. Pressure sensor calibration 
 
2)     Gas analyzer 
Description of the Device 
The HM5000 gas analyzer permits the operator to estimate four or five gas components in 
the combustible exhaust. It is equipped for determining the volume concentration of    
(oxygen), HC (as N-hexane), CO (carbon monoxide),     (carbon dioxide),  and optionally 
    (nitric oxide). 
Based on the knowledge of gas concentrations the analyzer will compute the Lambda (ʎ), 
Air to Fuel Ratio (AFR) and Grams per Mile (GPM). It will likewise give a read-out to 
optional speedometer that peruses up to 30,000 RPM. With this much data in one place, 
one can concludes and tunes any fuel-related issues while having the greater part of the 
significant data showed in a super-bright graphical LCD screen. Notwithstanding the above 





readings, or set up exhaust dilution value to caution if there are air-leakage in the exhaust 
system. 
Having a weight that is less than 2 pounds, the analyzer is assigned for use in different 
outdoor or indoor situations. The analyzer is designed to be connected to standard electrical 
plug voltages on a range between 100 VAC to 260 VAC, with a frequency oscillating 
between 50 to 60 Hz. It likewise has a Nickel hydride metal battery that can be recharged; 
hence it can be packed and brought to outdoor environment for a drive test to perceive how 
the vehicle acts in genuine driving circumstances. Utilizing the inner record includes, the 
information can be put away amid the test drive and the data can be downloaded on a 
Personal Computer or Laptop when returning back. Figure 92 demonstrates the HM5000 

















Features and Specifications 
The Gas analyzer unit combines a lot of features in addition to various types of 
specifications and they are as the following: 
Features 
1) It permits the operator to estimate four or five gas components in the combustible 
exhaust. 
2) It has an optional     port. 
3) It can compute the Lambda (ʎ),Air to Fuel Ratio(AFR) and Grams per Mile (GPM)  
4) It provides a read-out for the optional Tachometer that reads up to 30,000 RPM  
5) It has a super-bright graphic LCD screen. 
6) Portable, Compact and light weight construction. 
7) It gives the operator an option to select between 4-stroke and 2-stroke engine 
configurations. 
8) Provides the operator with a warning in the Measure Mode that the probe in the 
exhaust pipe may not be positioned properly or there is an air-leakage in the exhaust 
system. 
9) The analyzer as shipped has been calibrated at the factory and is designed to 
maintain calibration accuracy for extended periods of operation. 
10) It has the ability to correct itself for temperature and atmospheric pressure 







Principle Gases / Ranges Measured 




Principle gases and their allowed ranges 
Principle Gases  Ranges Measured 
CO ,      , HC Non-Dispersive Infrared (NDIR) 
    and    Electrochemical Cell 
Carbon Monoxide 0 - 10.00 % 
Hydrocarbons 0 to 10000 ppm 
Carbon Dioxide 0 - 20 % 
Oxygen 0 - 25 % 
















Physical and Technical Specifications 




Physical and technical specifications of the gas analyzer 
Parameter Value 
Weight Less than two pounds 
Size 7.5” x 3.5” x 2” 
Display Backlit LCD, Graphic, 128 x 64 
Internal Power Rechargeable Lithium-Ion Battery Pak 
External Power 10-16VDC, less than 1A 




















The technical specifications of the gas analyzer’s probe 
Parameter Value 
Material Pistol grip with Stainless Steel 
Hose Length 10 Centimeters 
Requirements  90/97 Bar 
Insertion Length Up to 27 Centimeters 
 
 
Principle of Operation 
Once the gas analyzer is turned on, there will be a POWER INDICATOR to indicate that 
the power is available. After that, the operator should zero the analyzer so it starts taking 
readings in reference to the gas concentrations that has been calibrated to during the 
calibration process. This process takes around 30 seconds to be accomplished 
automatically. 
The user then should allow for the gases to be sensed by the gas analyzer’s probe and that 
could be done by pressing PUMP which allow for the exhaust gases to reach the analyzer. 
Waiting a few seconds for stable readings, the user then can display the reading on the 





be recorded and replayed to show their variation along a short period of time. Furthermore, 
data can be printed out using the printer serial port at the bottom of the gas analyzer. Along 
with the gas concentration readings, the user is able to detect the speed of the engine in 
RPM using the tachometer installed on the gas analyzer and he can also do a fuel 
consumption test by operating the Grams per Mile option (GPM). 
 
Calibration Process 
The analyzer as transported has been calibrated at the processing plant and is intended to 
keep up alignment precision for extended times of operation. Because of the complicated 
system of wiring utilized in the analyzer, repeated calibration is definitely not 
recommended. Be that as it may, it is prescribed to make a gas calibration about at regular 
intervals of time to make sure that the analyzer is with the system. A few countries have 
controls governing the time intervals between the processes of calibration. It is essential to 
agree to the representing controls for the being area. 
When checking the gas analyzer calibration or when performing calibration, a bottle of 
calibration gas is needed. A gas cylinder that has a high gas pressure should be used with a 
regulator to regulate it to the required pressure for testing and calibrating the gas analyzer, 
also this regulator is used to monitor the pressure of calibration process. 
These calibration gas cylinders have a gas concentration that is known of HC, 
CO,     and    .However these gases as it was mentioned in Table 7 have a range of 
concentrations. When checking or calibrating the Gas Analyzer it is recommended to use 





1) HC ( propane ) 1200 ppm 
2)     12.0% 
3) CO  4.0% 
4) Balance    
These mentioned values are the default ones for the gas analyzer so when initiating the 
analyzer they are automatically displayed. Hence, using these concentrations eliminates the 
need to enter different or new values amid the calibration process. 
However, if a new calibration process is needed later on to entre different values, it must 
accommodate with the following ranges: 
1)  HC ( propane ) 140 ppm to 3400 ppm 
2)      5% to 15% 
3) CO  0.9% to 8.5% 
A calibration certificate that shows the values for the gas concentrations when the 










3)         Particulate Meter 
 
Description of the Device 
The AEROCET 531 is a small portable unit used as a particle counter and a mass 
concentration detector operated with battery. It can be used in two modes, one of them for 
counting the number of particles and the other is for detecting the mass concentration of the 
particles. In the particle counting mode, it displays on the LCD screen the number of 
particles detected on the exhaust for the particle sizes >0.5μm and >5.0μm after one minute 
of operation. In the mass concentration mode, it provides the mass concentration of the 
particle per cubic meter for the sampled air. It can test particle sizes as fractions of PM1, 
PM2.5, PM7, PM10 and TSP. 
 
The AEROCET 531 estimations can contrast positively and costly reference strategies. The 
AEROCET 531 utilizations the put away molecule counting information from eight 
distinctive molecule measure ranges and an exclusive calculation to determine the mass 
concentration for the airborne measured sample.  
 
The sensor in the AEROCET 531 joins a long life laser diode, a productive light  
gathering curved (elliptical) mirror and exceptional optics to give a high focus restrain.  
The AEROCET 531 contains a 6V Ni-MH Self-contained battery pack, a vacuum pump,  
an isokinetic probe, an electronic microprocessor, a PC interface and a LCD show  
across the board little bundle. Figure 93 shows the AEROCET 531 particulate meter used 







Figure 93. Met one instruments Aerocet-531 mass particle counter dust monitor 
 
 
Features and Specifications 
The particulate meter combines a lot of features in addition to various types of 
specifications such as the technical, electrical and the general specifications and they are as 
the following 
Features 
1) It has two modes of operation: particle count and mass concentration mode. 






3) Portable and easy handled and light weight construction. 
4) It has an LCD screen. 
5) It has a durable ,long life 6V Ni-MH Self-contained battery pack 
6) It has a PC interface in which it can display the results on the computer. 
7) Very simple and can be easily used. 
8) It can measure the ambient temperature and the relative humidity in addition to 
particles detection. 
Specifications 
The performance characteristics as well as the physical, environmental and the electrical 
characteristics of the particulate meter are listed in table below. In addition, the main and 
the additional accessories are listed. 
 
Table 18 




Size Of Particles  2 channels of 0.5 and 5.0 µm 
Concentration  From 0 to 3,000,000 particles per cubic foot  
Sample Time One minute. 





Sensitivity  0.5 µm  
Flow Rate  0.1 Cubic foot per minute  
Mass Mode 
Concentration of  
Particle Mass                                     
 
TSP, PM10, PM7, PM2.5, and PM1 
Concentration Range From 0 - 1 mg/m3 





Keyboard 7-key membrane  




Size Height 6.25 inches (15.9 centimeters) Width = 4" (10.2 
centimeters)  
Thickness 2.1 inches  (5.4 centimeters) 













   0 to +50 degrees C 





Light Source Laser diode, 5 mW, 780 nm 
Power 6 Volt battery pack Ni-MH (self-contained) supplies 8 hrs. typical 
intermittent operation, 5 hours max. continuous use. 
AC 
Charger/Adapter 
AC to DC module, 100 to 240 Volts AC to 9 Volts DC @ 350 
millAmps typical 
Communications RS-232  
Certification Meets and/or exceeds ISO, CE, JIS, and ASTM, international 
certifications 






Included Isokinetic Sample Probe 
Zero Particulate Filter 





Communication Software  
Custom Serial Cable 




Optional Accessories Flow Meter  
Portable Printer  
RH & Temperature Probe 
 
 
Principle of Operation 
The aerosol sample is brought from the exhaust to the unit by a cable and later on the 
individual particle are counted with scattered laser light and the equivalent mass 
concentration is calculated using a proprietary algorithm. 
 
Calibration of the Device 
The particulate meter was calibrated at the factory using NIST polystyrene spheres. When 
there is a difference in the reading detected between a typical aerosol and a measured 
aerosol, a compensation by a “K-factor” must be applied to track that error. Using a 
software called AEROComm , this “K-factor” can be compensated. The calibration 






4)         The Smoke Meter 
 
Description of the Device 
Eco smoke 100 is intended for measurement of smoke level of Diesel engines. Diesel 
exhaust smoke is allowed to flow through a smoke chamber tube of 215mm length and a 
diameter of 32mm at a regulated pressure of 75mm water column. The light beam from a 
green LED source of 550nm to 750nm wavelength are focused and allowed to travel 
through the smoke path which is reflected by a plain mirror from the other end to a detector 
fixed near the light source. Detector senses the intensity of light which depends upon the 
opacity of the smoke in the tube, since the smoke tends to obstruct the light more when it is 
more opaque. Finally smoke level is displayed in term of % opacity as well as in terms of 
light absorption coefficient (‘K’). The smoke number can be converted to smoke opacity 
and vice versa through the table in Appendix E. 
Apart from the smoke level, the instrument also displays the “Engine RPM” and the 
“Engine RPM Meter (Standard for Eco Smoke 100 APP model only) and standard 
accessories. 
The Smoke chamber unit is the housing for smoke chamber, electronic & mechanical 
assemblies. Connectors are provided at the rear side of Chamber unit for interfacing 
various measurement modules that includes a serial port also for interfacing equipment 
with personal computer (optional feature). AC input socket and power switch are provided 





sample for measurement. Figures 94, 95 show how does the smoke chamber unit looks 














Features and Specifications 
The smoke meter unit combines a lot of features in addition to various types of 
specifications such as the technical, electrical and the general specifications and they are as 
the following: 
Features 
1) Measurement of emission level in Diesel engine by partial flow method using optics 
based on folded geometry. 
2) Suitable for free acceleration test. 
3) Operates on Universal AC input. 
4) Operates on DC power. 
5) Measures smoke opacity in ‘%’Opacity and ‘K’ value. 
6) Portable, Compact and light weight construction. 
7) Error messages before & during test. 
8) Hand held, Menu driven LCD Remote Control Unit with prompts for easy 
operation. 
9) Automatic Zero and Span calibration. 















Smoke meter’s technical specifications 
 
Measurement Parameters Range Resolution Condition 
Opacity 0 - 99.9 %  0.10 % - 
K-value 0 - 9.99     0.01    - 
Linearity ± 0.1     - Std. test condition 
Repeatability  ± 0.1    - Std. test condition 
Zero & Span drift  ± 0.1    - - 
Response time-Physical  < 0.4 sec. - - 
Response time-Electrical  < 1 milli. sec. - - 
Warm up time  < 7 min. -  25 C & above 
Smoke measuring cell length  215 mm - - 
RPM 
400 - 9990 
RPM 10 RPM - 










Table 20 summarizes the technical specifications of the smoke meter  
 
Table 20 
Smoke meter’s electrical specifications 
Specification Range 
AC Power supply 100 - 265V AC single phase, 50 / 60 Hz 
DC Power supply 12V DC  2V Battery (NA in Eco Smoke 100 APP ) 
Power consumption 300 Watts for AC and 100 Watts for DC 
General Specifications 
Table 21 summarizes the technical specifications of the smoke meter  
 
Table 21 
Smoke meter’s general specifications 
Specification Range 
Operating temperature 100 - 265V AC single phase, 50 / 60 Hz 
Machine Dimension-
Unpacked 
12V DC  2V Battery (NA in Eco Smoke 100 APP ) 
Machine Dimension -
Packed 









Principle of Operation 
Eco Smoke 100 depends on the principle of absorbing light, which is a characteristic 
parameter of the level of smoke exist in an exhaust smoke test sample coming from a 
Diesel engine. A Green (Source) driven by a pulsating steady current source, emanates a 
light beam having the peak spectral intensity between 550-570nm wave length. The 
Detector is designed to have a spectral response from between 350nm to 1100nm with a 
peak spectral response that has a value of 850nm. IN order to eliminate noise signal, the 
LED is chopped. That chopped signal is detected by the Detector, with reasonable 
conditioning circuity. 
The light beam passes from one end of the smoke chamber, gets reflected by a mirror to 
cover an optical path of 430mm and reaches the Photo diode (Detector) which continuously 
senses the intensity of light incident on it, and converts it into an electrical signal. This 
signal is further processed by signal conditioning circuit; the output signal is given to a 
Microcontroller finally to have digitized readout. A UART communication is utilized for 
serial communication of data transfer to the host Display unit. The final output is given as 
% Opacity (N) and light absorption co-efficient (K) in 1/m on the host Display unit where 
they can be then converted from one to another (Appendix D). 
The smoke meter is of partial flow type and the smoke is sampled in a Smoke chamber 
tube, which has an effective optical path length of 430mm (215mm x 2). This chamber is 
provided with Heaters to maintain the its temperature of 75C to ensure that condensation 
does not take place in Chamber and also eliminates the Zero drift. To allow free flow of 





ends of the tube, while the smoke is sampled from the center of the tube. These fans are 
also used as air curtains to keep the lenses clean. 
A pressure regulator at the Smoke inlet regulates the Smoke pressure in the Chamber 
automatically to within 75mm of water column. 
 
5)         Speed Tachometer 
Description of the device 
Using the testo 465 tachometer, a non-contact rpm measurement can be performed using 
only one hand. This gives the tachometer a great suitability for use in the lab, for instance, 
a measurement of a rotating part such as a shaft or fan. Figure 96 demonstrates the speed 








 Figure 96. Testo 465 speed tachometer used to detect engine speed  
 
 
The tachometer also gives the operator these following options: 
1) Save the minimum / maximum and the mean value in addition to the last measured 
value. 
2) The scope of the device is shipped with a protective Soft Case. 
3) The scope also includes a reflective marker as well as a transport case. 








Features and Specifications 
 
Technical Specifications 
Table 22 summarizes the technical specifications of the speed Tachometer 
 
 
 Table 22 
 Technical specifications of the speed tachometer 
Parameter Value 
Measuring range 1 to 99999rpm 
Accuracy ± 0.02 % of mv 




Table 23 gives general specifications of the used speed Tachometer 
 
Table 23 
General specifications of the used speed tachometer 
Parameter Type 
Display type LCD 







Principle of Operation 
The process of measuring the engine rpm is simple and can be initiated by sticking a 
reflective marker on the engine crankshaft, after that the red beam of the tachometer is 
directed towards this reflective rotating paper and the measurement appears on the screen. 
The operator has a freedom to set far from the engine crankshaft up to a distance of 600 





APPENDIX C: CALIBRATION CERTIFICATES 
 














































































APPENDIX E: ABSORPTION "K" TO OPACITY "%" 
         k                        %                     k                  %                      k                   %  
0 0 3.9 81.31 7.8 96.51 
0.1 4.21 4 82.09 7.9 96.65 
0.2 8.24 4.1 82.85 8 96.79 
0.3 12.1 4.2 83.57 8.1 96.93 
0.4 15.8 4.3 84.26 8.2 97.06 
0.5 19.35 4.4 84.92 8.3 97.18 
0.6 22.74 4.5 85.56 8.4 97.3 
0.7 25.99 4.6 86.17 8.5 97.41 
0.8 29.11 4.7 86.75 8.6 97.52 
0.9 32.09 4.8 87.31 8.7 97.63 
1 34.95 4.9 87.84 8.8 97.73 
1.1 37.69 5 88.35 8.9 97.82 
1.2 40.31 5.1 88.84 9 97.91 
1.3 42.82 5.2 89.31 9.1 98 
1.4 45.23 5.3 89.76 9.2 98.09 
1.5 47.53 5.4 90.19 9.3 98.17 
1.6 49.74 5.5 90.61 9.4 98.24 
1.7 51.86 5.6 91 9.5 98.32 
1.8 53.88 5.7 91.38 9.6 98.39 
1.9 55.82 5.8 91.74 9.7 98.46 
2 57.68 5.9 92.09 9.8 98.52 
2.1 59.46 6 92.42 9.9 98.58 
2.2 61.17 6.1 92.74 9.91 98.59 
2.3 62.81 6.2 93.05 9.92 98.59 
2.4 64.37 6.3 93.34 9.93 98.6 
2.5 65.87 6.4 93.62 9.94 98.61 
2.6 67.31 6.5 93.89 9.95 98.61 
2.7 68.68 6.6 94.15 9.96 98.62 
2.8 70 6.7 94.39 9.97 98.62 
2.9 71.26 6.8 94.63 9.98 98.63 
3 72.47 6.9 94.85 9.99 98.64 
3.1 73.63 7 95.07 
  3.2 74.74 7.1 95.28 
  3.3 75.8 7.2 95.48 
  3.4 76.82 7.3 95.67 
  3.5 77.8 7.4 95.85 
  3.6 78.73 7.5 96.02 
  3.7 78.83 7.6 96.19 






APPENDIX F: SAFETY RULES 
There were many precautions and instructions that had to be followed during the 
experimental work in the laboratory and also when using the measuring devices and they 
were as the following: 
1) Keep the fuel in metallic containers, accurately locked and clearly labeled 
2) Put the containers in a ventilated place, so to limit the danger of explosion of the 
combustible gases 
3) Never effectuate the filling of the container with the engine warm, to avoid the 
danger of a fire in the case the fuel drops should come in contact with the engine 
itself 
4) Execute the aforementioned operation, and every other operation in which the fuel 
is concerned , only after having moved away every free flame or non-free flame 
5) Predispose a fire extinguisher of adequate capacity, and which is suitable for the 
type of combustible substance being used. 
6) Always make sure that the engine is equipped with either an opposite pipework to 
convey to the outside the exhaust gases, or a ventilation system for the suction of 
those gases. 
7) Do not use the gas analyzer for testing exhaust emission when the engine is 
smoking excessively or when it is in obvious need of repair. 
8) Keep the probe tip openings clean and free of debris  for the gas analyzer and for 





9) Do not place the probe tip in liquids or allow liquids to be drawn into the analyzer 
or the smoke meter’s sampling 
10) Do not place the probe in an exhaust pipe until the vehicle is at normal operating 
temperature. This allows the exhaust system time to burn off any residual moisture. 
11) Perform a leak test periodically, especially after probe changes and filter services, 
to ensure accurate analysis. 
12) To comply with anti-tampering laws, always follow the manufacturer’s 
specifications when working on emission control devices. 
13) Always comply with the governing emission control standards and regulations in 
your locality when testing exhaust emission levels. 
14) Insert the test probe fully into the tailpipe when testing exhaust emissions to prevent 
diluted readings. 
15) Check the manufacturer’s specifications and procedures before testing a vehicle. 
 
 
 
 
 
 
 
